The use of coated micropowders to reduce radiation heat transfer in foam insulation by Marge, Arlene Lanciani
The Use of Coated Micropowders to Reduce
Radiation Heat Transfer in Foam Insulation
by
Arlene Lanciani Marge
B. S. A. D. Massachusetts Institute of Technology
(1988)
Submitted to the Department of Architecture
in partial fulfillment of the requirements for the degree of
Master of Science in Building Technology
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 1991
© Massachusetts Institute of Technology 1991
Signature of Author .....................................
Department of Architecture
May 10,1991
Certified by........... ....................
Leon R. Glicksman
Professor, Building Technology and Thermal Sciences
Thesis Supervisor
A ccepted by ......................................
Leon R. Glicksman
Chairman, Departmental Committee on Graduate Students
.,ASSACHUSETTS INSTITUTE
OF TECHNO OGY
ROten JUN 06 1991
LIBRARIES
MT uLibraries
Document Services
Room 14-0551
77 Massachusetts Avenue
Cambridge, MA 02139
Ph: 617.253.2800
Email: docs@mit.edu
http://libraries.mit.edu/docs
DISCLAIMER OF QUALITY
Due to the condition of the original material, there are unavoidable
flaws in this reproduction. We have made every effort possible to
provide you with the best copy available. If you are dissatisfied with
this product and find it unusable, please contact Document Services as
soon as possible.
Thank you.
Some pages in the original document contain pictures,
graphics, or text that is illegible.
The Use of Coated Micropowders to Reduce
Radiation Heat Transfer in Foam Insulation
by
Arlene Lanciani Marge
Submitted to the Department of Architecture
on May 10, 1991, in partial fulfillment of the
requirements for the degree of Master of Science in
Building Technology
Abstract
Polyurethane foam is the most effective insulation currently
available for buildings. Chlorofluorocarbon (CFC) blowing agents,
which have low thermal conductivities, contribute highly to the
effectiveness of this insulation. However, CFC blowing agents are
being phased out because they are depleting the earth's protective
ozone layer. Alternate blowing agents, with higher thermal
conductivities, will compromise the insulating value of the foam
insulation. To counteract this effect, the author has sought to
improve the effectiveness of foam insulation by increasing its
extinction coefficient.
In this work, theoretical analysis and experimental
measurements have been used to study and increase the extinction
coefficient of polyurethane foam insulation. Radiative heat transfer,
which accounts for approximately 25% of the total heat transfer
through foams, is inversely proportionate to the extinction
coefficient. Foam cell walls presently have a transmissivity of about
80% to infrared radiation. The extinction coefficient of foams can be
improved by decreasing the cell sizes or by increasing the
absorptivity of the foam cell walls. The approach of this work has
been to increase the cell wall opacity through the addition of opaque
micropowders.
Conduction through the solid polymer is of the same magnitude
as the radiative transfer, also accounting for approximately 25% of
the heat transfer of the foam. To maintain the low thermal
conductivity of the polymer, the micropowders added to reduce
radiative transfer through the foam must not change its
characteristic conductivity.
Polymer micropowders with thermally opaque coatings of
graphite have been developed in this work using core micropowders
with diameters between 8 and 30 pm. Theory predicts that the
smaller the particle size, the larger the resulting improvement in
extinction coefficient. The coatings required for opacity are less than
0.1 tm thick, composing less than 7% of the overall volume of the
powder. The extinction coefficients of the coated micropowders have
been experimentally derived and agree well with analytical
predictions.
These coated micropowders have been added to foams with the
goal of increasing their extinction coefficients. The resulting foams
indeed demonstrate improved extinction coefficients when compared
to a powderless control foam. This improvement results both from
reduction in cell size and increased cell wall opacity. The resulting
effective conductivities of the foams have been decreased by as
much as 6% through the addition of these relatively large
micropowders. These results correlate well with predicted values
and indicate that the addition of smaller particles will result in even
more improvement.
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1. Introduction
1.1 Motivation
Closed cell polyurethane foam insulation has the highest R
value per inch of any currently available building insulation. Closed
cell foam by itself is an excellent insulator because its cells are made
of low-conductivity polymer. These cells are filled with
chlorofluorocarbon (CFC) vapor which at room temperature is also an
excellent insulator, having a thermal conductivity one third of that of
dry air at room temperature [1].
Fresh foam filled with CFC- 11 vapor has an R value more than
twice that of glass fiber insulation. Specifically, polyurethane foam
blown with CFC-11 has an R value of about 8 hr*ft 2 **F/BTU [2]
compared with that of board or slab, organic-bonded glass fiber
insulation which is 4 hr*ft2 **F/BTU [3]. The total conductivity of
new closed cell polyurethane foam is only two thirds of the
conductivity of dry air. This fact allows buildings built with
conventional construction techniques to approach values of super-
insulation.
1.1.1 Energy Concerns
Rigid closed cell foam insulation has many uses because it has a
higher R value than any other readily available insulation. It is used
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in wood frame wall construction. Rigid foam insulation is also used
extensively for the insulation of flat roofs. Closed cell foam is used
for large storage tanks. Refrigerators also use foam insulation
because it has a higher R value per inch than does glass fiber
insulation. Recent legislation governs the allowable energy
consumption for refrigerators. The next phase of the legislation will
probably require much higher R values for thin insulation.
Refrigerator manufacturers expect to continue using foam insulation
in their manufacturing processes because it is a well-tested
insulating technique. They will try to combine the foam with
advanced vacuum insulation
1.1.2 Environmental Concerns
Recent measurements suggest that the Ozone Layer is being
depleted; "holes," areas of low concentration, have been discovered
over the Antarctic. There is strong evidence that CFC-11 and CFC-12
released in our atmosphere do not decay until they reach the
stratosphere, at which point they react with the ozone layer leading
to its depletion. Loss of ozone will result in the increased passage of
ultra violet radiation to the earth's surface. UV radiation is a
primary cause of human .skin cancer and eye cataracts. There is also
some concern that the accumulation of CFC's in our Ozone layer may
lead to global warming. Unfortunately, when closed cell
polyurethane foam is produced, used, and disposed of, large amounts
of CFC's are released into the environment. Foams account for
15
approximately 20 to 25% of the consumption of CFC's worldwide [4].
International legislation calls for the phasing out of CFC usage in
developed countries.
1.1.3 Problems with Meeting these Concerns
Several substitute blowing agents, HCFC's, have been proposed
which will eliminate or reduce ozone depletion. Typically, these
blowing agents have a higher thermal conductivity than the
conventional CFC's and will cause a decrease in the R values of the
foam. If all of the properties of the foam insulation including the cell
size, density, and percent of solid polymer in the struts are held
constant, alternate blowing agents lead to increases in thermal
conductivity of about 10% as predicted in a theoretical model by
Glicksman [5]. The toxicity of these blowing agents and the
flammability and compressive strength of the resulting foams have
not yet been thoroughly tested. Also, mass production facilities for
the alternate blowing agents are not yet in existence. In the interim,
carbon dioxide mixed with conventional CFC's will be used to blow
foam; unfortunately, C02 is twice as conductive as current blowing
agents [1].
Approximately fifty percent of the heat transfer through the
foam is due to the conduction through the vapor within the foam
cells. Heat transfer via radiation or conduction through the solid
polymer needs to be reduced to maintain or improve the insulating
capacity of the foam [6].
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This work pursues a means to achieve equivalent or improved
efficiency in foam insulations which contain environmentally suitable
blowing agents. The approach of this work is to add micropowders to
the solid polymer of the foam in order to absorb or reflect thermal
radiation to produce opaque cell walls. This addition reduces the
radiative transmission through the foam insulation to compensate for
the increase in the overall effective thermal conductivity of the
insulation caused by the increase in the conductivity of -the blowing
agent. The goal of this project is to improve the overall thermal
performance of the foam. The technique used in this project does not
drastically change the foam production process and should be easily
employed by the foam industry.
1.2 Background
Heat transfer through the foam is due to a combination of
conduction and radiation. Because of the small cell sizes of the
foam, convective heat transfer need not be considered [7]. Past
models have often neglected the heat transfer due to radiation and
therefore have underestimated the heat transfer through the foam
insulation.
1.2.1 Review of Literature
There have been many models developed to model the heat
transfer through foam insulation. It is now understood that the heat
17
transfer in foam insulation is comprised of three components:
conduction through the solid polymer, conduction through the gas
within the cells, and radiation. Some of the past modeling of heat
transfer through polyurethane foam insulation, such as that done by
Norton [8], has completely failed to consider the possibility of
radiative heat transfer through the foam. Others, including
Skochdopole [9] and Doherty, Hurd, and Lester [7], have simplified
the cell geometry and considered the cell walls as opaque. Even
though they have taken radiative heat transfer into consideration in
their modeling, they have underestimated its contribution to heat
transfer through the foam. Therefore, as in the case of the work of
Doherty et al., they have underestimated the overall heat transfer
through the foam by about 25%.
It has since been found that foam cell walls are radiatively
transmissive [10]. Schuetz did some experimentation using an
infrared spectrometer and found that the cell walls within the foam
have a transmissivity of 80% to infrared radiation. This work
explained the under-estimation of heat transfer in previous heat
transfer modeling and proved that such modeling must account for
radiative transfer. However, when radiative heat transfer was taken
into consideration in some modeling, as in the work of Williams and
Aldao [11], the transparent nature of the cell walls was recognized
while the effect of the struts, which are effectively radiatively
opaque, was neglected. Struts are the intersections of cell walls,
often three walls, and they have roughly triangular cross-sections.
Figure 1 shows a scanning electron microscope (SEM) photograph of
18
Figure 1: SEM of Polyurethane Foam Cells (top, 55x) and Strut
(bottom, 750x) [12]
19
foam cells as well as a SEM photograph of a strut at a much higher
magnification [12]. The radiative opacity of the struts has been
taken into consideration in the heat transfer modeling work that has
taken place at MIT.
1.2.2 Review of Work at MIT
1.2.2.1 Theoretical Development
With the recognition that foam cell walls have a transmissivity
of at least 80% and that the struts are radiatively opaque, much work
has taken place at MIT to account for radiative transfer through
foam. Schuetz and Glicksman [10] have shown that the Rosseland
diffusion equation in combination with an experimental value for the
extinction coefficient predicts the radiative transfer through foam
within 10%. The Rosseland mean diffusion equation is most strictly
valid for optically thick, isotropically scattering media. Shuetz has
shown that though scattering within foam is highly forward oriented,
attenuation in foam is dominated by absorption and not scattering.
Therefore, the isotropically scattering assumption does not cause
substantial error within their use of the Rosseland mean diffusion
equation.
Torpey and Glicksman [2] show that foam exhibits gray
behavior. They define a model for the extinction coefficient of foam
insulation based on the geometry and structure of the foam. Torpey
and Glicksman model the extinction coefficient of foam insulation
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assuming transparent cell walls and blackbody struts. Mozgowiec
and Glicksman [12] have expanded this theory and have taken into
consideration the attenuation of thermal radiation by the cell walls.
They expanded the model of Torpey and Glicksman to consider the
attenuation of the cell walls for two limiting cases: optically thick
and optically thin cell walls. They considered the extinction
coefficient for the struts and for the cell walls separately. They then
added the two since they made the assumption that they are
uncoupled.
1.2.2.2 Experimental Work
It has been found through the work at MIT that somewhere
between twenty-five to thirty-three percent of the effective
conductivity of foam is due to thermal radiation. With the
recognition that the foam cell walls are relatively transmissive to
thermal radiation, a preliminary experiment by Schuetz was carried
out. A foam was made at Mobay's laboratory: a small quantity of
micron size carbon particles was mixed into the foam, replacing an
equal weight of conventional solid material. The resulting foam was
more opaque in the critical infrared regions and the effective
conductivity of the foam was reduced by seven percent. This
preliminary experiment suggests that the inclusion of opaque or
scattering particles in foam can be beneficial with the correct choice
of particle material, size, shape, and quantity.
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Several additional experiments have been carried out with the
cooperation of Jim Walters, Mobay, and Dow Chemical. These
experiments were carried out for Torpey. Materials in flake form,
such as graphite, aluminum, copper, and steel were added to the
foam polymer. The flakes had a thickness of approximately one half
micron and a major dimension of several microns. It is believed that
the surface tension in the film of the cell walls allowed the flakes to
align themselves with their major dimension parallel to the cell
walls. The small thickness of the flakes helped to prevent ruptures
of the cell walls while the larger major dimension made the flakes
more effective in absorbing or reflecting radiation in the infrared
wavelengths.
Tests indicated that the flakes were effective in increasing the
absorption coefficient by about twenty five percent and increasing
the effective R value by about five percent. Observation under an
optical microscope revealed that most of the flakes accumulated in
the struts and around the periphery of the cell walls with lower
concentrations near the center of the cells. This coincides with the
fact that only fifteen to twenty percent of the solid foam polymer of
typical samples is in the cell walls while the balance remains in the
struts. Higher flake concentrations combined with larger flakes may
distribute the flakes more evenly through the cell walls.
Referencing the work at MIT, Jim Walters Corporation has
obtained a patent for adding graphite particles to the solid foam
material [13]. They have carried out trial runs which indicate
22
improvements in the overall effective thermal conductivity from
6.85% to 10.21%.
Heat transfer through foam insulation is partially due to
conduction through the solid polymer of the foam and through the
gas trapped within the foam cells. The heat transfer by conduction
in the foam solid and gas is directly proportional to the thermal
conductivities of these constituents. The conductivities of the flake
materials that were added to the polymer were an order of
magnitude higher than that of the foam polymer. The resulting
conductivities of the cell walls and struts made of the polymer-flake
mixtures were higher than the conductivities of the cell walls in
typical foam samples. This adverse effect on effective conductivities
of the samples has been taken under consideration in this research
project.
1.2.3 Concurrent Projects
This work is part of a group of different projects at MIT whose
goal is to improve the thermal performance of foam insulation. In
one project the aging of the foam insulation caused by the outward
diffusion of the low-conductivity blowing agent is being examined.
When the blowing agent diffuses out, air, which has a higher
conductivity than the blowing agent, diffuses in to replace it. This
increases the overall effective conductivity of the foam. In another
project, research is focused on the development of advanced
evacuated insulations with R-values on the order of 20
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(BTU/hr*ft 2 *OF)-l per inch of the vacuum insulation [14]. Vacuum
packets of silica powder encapsulated by microsheet glass are being
developed. These packets will then be embedded into polyurethane
insulation, reducing the thickness of foam necessary to obtain a
particular thermal performance. Finally, one other project at MIT is
also concerned with the reduction of the radiative heat transfer
through foam. That project deals with cell size reduction as a means
to reduce radiative transfer through the foam. That project is based
on the finding that the extinction coefficient is directly proportional
to the square root of the foam density and inversely proportional to
the mean cell diameter, Torpey and Glicksman [2].
1.3 Approach of this work
If the cell walls can be made less transmissive to radiation,
there is a potential to essentially eliminate radiation as an important
heat transfer mechanism within foam insulation. For typical low
density foams this would increase the R value by one third. Given
that solid conduction heat transfer through foam is of approximately
the same magnitude as radiative heat transfer, the conductivities of
metallic or other opaque flakes must be minimized to ensure that the
solid polymer conductivity is not substantially increased.
The main objective of this work has been to identify candidate
micropowders which increase the value of the extinction coefficient
of polyurethane foam while not influencing the solid conduction
through the foam. Such micropowders should serve to decrease the
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overall effective thermal conductivity of the foam insulation.
Reducing radiation heat transfer through foam insulation has been of
primary concern in this work. The approach of this work offers one
solution to the problem of increased effective conductivity due to the
increased conductivity of environmentally suitable blowing agents.
Low conductivity materials, such as polymers, glasses, and
ceramics, covered with very thin coatings of thermally opaque
materials are of primary interest as candidate micropowder
materials. Coatings of carbon, aluminum, silver, gold or other opaque
materials need only be on the order of 200-300 angstroms in
thickness to block out thermal radiation. Micropowders of these
compositions reduce the radiative transfer through the foam without
significantly increasing the conductivity of the foam. The volume
fraction of opaque coating material (with thermal conductivity higher
than the foam solid) to core is very small. For a spherical core, the
volume of the coating to the volume of the core is L, where t is the
r
thickness of the coating, and r is the radius of the core. When t is
200-300 angstroms, and r is a micron, the ratio is on the order of 7.5
x 10-2. Therefore, the ideal micropowder materials retain the
average conductivity of the polymer. Previous research at MIT
defines other characteristics of candidate micropowder materials
considered in this work. Candidate micropowder production
techniques and materials have been sought among those already in
mass production in industry. This selection ensures that the addition
25
of micropowders to foam is economically feasible for the foam
industry and allows industry to employ the technique in a timely
fashion.
26
2. Heat Transfer through Foam Insulation
2.1 Overall Heat Transfer
Heat transfer in foam insulation is comprised of three
components: conduction through the solid polymer, conduction
through the vapor within the cells, and radiation. Previous modeling
of heat transfer through polyurethane foam insulation has simplified
the cell geometry and has completely neglected the radiative heat
transfer (For a more complete discussion, refer to section 1.2). Other
modeling has assumed the foam cell walls to be radiatively opaque.
Even though radiative heat transfer has been taken into
consideration in these models, its contribution to the overall heat
transfer has been quite small. In each of these cases, the heat
transfer through foam insulation has been under-estimated. It has
since been found that foam cell walls are transmissive to radiation;
therefore, modeling must account for radiative transfer.
The model currently used for predicting heat transfer through
foam insulation was developed by Shuetz and Glicksman [10]. It is
founded on the basic expression of Fourier's Law for heat flux:
(2.1) q = - keff dTdx~
In expression (2.1), keff is the effective conductivity for the overall
heat transfer of the foam insulation. This can be expanded to
account for the three modes of heat transfer through the insulation:
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2 f 16a(Tm) 3(2.2) keff = kgas + ( 3 - )(1 -8)ks+ 3K
In equation (2.2), kgas and ks are gas and solid conductivities, 8
is the void fraction or the percent by volume of gas in the foam, and
fs is the fraction of polymer in the struts which usually has a value
between 0.75 and 0.9. The second term on the right hand side of
equation (2.2) is the contribution to the overall heat transfer by
conduction through the solid. Schuetz and Glicksman derived this
expression by idealizing the foam geometry as staggered cubical cells
and also by idealizing the foam geometry as isotropic foam with
randomly oriented struts. Effects of conduction through struts and
cell walls were combined.
The final term in (2.2) is the equivalent conductivity for the
radiation passing through the foam; this is referred to as the
radiative conductivity, krad'
160(Tm) 3(2.3) krad = 3K *
K is the extinction coefficient, and Tm is the mean absolute
temperature of the foam. Torpey and Glicksman [2] have derived a
relation for the radiative heat transfer through the foam insulation
that assumes transparent cell walls and opaque, blackbody struts.
Torpey and Glicksman found that the extinction coefficient is directly
proportional to the square root of the foam density and inversely
proportional to the mean cell diameter. According to Torpey and
Glicksman,
(2.4) K = C d '
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where C is a constant, pf is the foam density, and d is the mean cell
diameter. When the fraction of solid material in the struts, fs, i s
assumed to be 0.8, and the solid polymer density, ps, is taken as
1.242 g/cm3, then the value of the constant is 3.29 when the units of
p f are in g/cm3 , and d is in cm, giving K in cgs units of cm- 1.
Substituting this expression for the extinction coefficient gives the
radiative conductivity:
16a(Tm) 3d(2.5) krad= - -
3CN pf
The final relation obtained when this result is combined with the
work of Schuetz and Glicksman is as follows:
2 fs 16a(Tm) 3 d
(2.6) keff=kgas +(3 - 3)(1 - S)ks + -\ .
3C pf
This is the resulting effective conductivity of the foam.
2.2 Model of the Extinction Coefficient
Mozgowiec and Glicksman [12] improved the existing model of
heat transfer through foam insulation. Their work concentrated on
the modification of the expression for the extinction coefficient
developed by Torpey and Glicksman. In their work, Torpey and
Glicksman had made a simplifying assumption to neglect the
absorptivity of the foam cell walls. In the work of Mozgowiec and
Glicksman, both the opaque nature of the struts and the weakly
absorbing nature of the foam cell walls is taken into consideration.
Radiative transfer through the foam is disrupted by both.
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Mozgowiec and Glicksman consider the attenuation of radiation
by struts and cell walls separately, and then they add them since
they assume an uncoupled relationship giving equation (2.7):
(2.7) K = Kstrts + Kwas -
The main assumptions that they make in their work are as follows:
foam cells are uniform, constant in geometry, and isotropic; the
fraction of polymer found in the struts, f, is also assumed to be the
same in all foams; and the cells can be modeled as pentagonal
dodecahedrons. This is the geometry found to best represent a foam
cell [15]. Mozgowiec and Glicksman also make two assumptions on
the radiative behavior of the foam. They neglect the scattering of
radiation within the foam since experimentation has shown that most
attenuated radiation is absorbed and not scattered, and that which is
scattered is only moderately forward-oriented [12]. They also
assume that struts can be treated as black bodies, as did Torpey.
The expression that Mozgowiec and Glicksman used for the
extinction coefficient of the struts is that developed by Torpey and
Glicksman, expression (2.4). C is taken as 3.29 in cgs units as above
which gives
(2.8) K struts = 3.29 d '
Where p f is the foam density, and d is the diameter of a sphere
occupying an equivalent volume to a pentagonal dodecahedron
modeled cell. We now refer to this expression as Kstruts while K, the
overall extinction coefficient of the foam, is now taken as Kstruts plus
the extinction coefficient of the cell walls.
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Mozgowiec and Glicksman derived an expression for the
extinction coefficient for cell walls for the limit where the cell wall is
taken as optically thin (Kwt << 1). Kw is the extinction coefficient for a
typical, individual cell wall, and t is its thickness. They checked this
expression by determining the extinction coefficient for optically
thick cell walls, (Kwt >> 1), and showed that this expression agreed
with that for optically thin cell walls. The expression that they
derive for the extinction coefficient for cell walls is
(2.9) Kwais = -(1 - fs) Kw.
Ps
Substituting (2.8) and (2.9) into (2.7) yields the following
expression for the overall extinction coefficient of the foam:
(2.10) K = 3.29 d +- (1 - fs) K.
Ps
When ps is taken as 1.242 g/cm 3, fs is taken as 0.8, and Kw is taken as
1633 cm- 1, we find that
(2.11) K =3.29 d + 2 6 3 pf .
Using this expression for the extinction coefficient in equation (2.2)
gives the most recent model for the overall effective conductivity for
foam insulation. There is uncertainty as to the value of Kw since it is
based on limited measurements by Schuetz.
2.3 Importance of Radiation
Radiation through the foam is significant, comprising
approximately 25% of the overall heat transfer. In low density
foams, the radiative heat transfer may account for as much as 33% of
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the overall heat transfer through the foam,.[6]. Hence, eliminating
radiation would allow the effective conductivity of foam to be
maintained even when alternate blowing agents are used.
In this vein, Mark Torpey added various metallic and graphite
flakes to foams in an attempt to suspend these radiatively
attenuating powders in the foam cell walls. His goal was for these
flakes to serve as radiation shields in order to increase the thermal
opacity of the cell walls and thereby reduce the overall radiative
heat flux. The flakes that he used were of approximately one half
micron thickness and were of several microns in their major
dimensions. The small thickness of the flakes helped to prevent
ruptures of the cell walls while the larger major dimension made the
flakes more effective in attenuating radiation in the infrared
wavelengths. It is believed that the surface tension in the film of the
cell walls allowed the flakes to align themselves with their major
dimension parallel to the cell walls. Observation under an optical
microscope revealed that most of the flakes accumulated in the
struts and around the periphery of the cell walls with lower
concentrations near the center of the cells. This coincides with the
fact that only fifteen to twenty percent of the solid foam polymer of
typical samples is in the cell walls while the balance remains in the
struts.
Tests at MIT indicated that the flakes were effective in
increasing the extinction coefficient by about twenty five percent
and increasing the effective R value by about five percent. At this
point there is a need to look more closely at the fundamental theory
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of radiative transfer to understand the effect that the extinction
coefficient has on the radiative transfer. Also, it is necessary to look
at the development of a model of the radiative transfer through the
foam insulation after the inclusion of micropowders in order to
better understand the results of Torpey's work. This is the objective
of the following chapter.
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3. Radiation Analysis
3.1 Background: Absorbing Media Theory
The following development is a brief review of the definition of
the extinction coefficient. The extinction coefficient is the most
important radiative property in the model of radiation heat transfer
through foam insulation. The following development assumes a
homogeneous, isotropic medium. Such an assumption does not
account for the voids in foams and should be modified when foams
are considered. The radiative properties in this development are
given using the assumption of a gray medium, one where properties
of the medium are wavelength independent.
As radiation passes through a layer, its intensity is reduced by
absorption and scattering. The change in intensity, di, is dependent
on the local magnitude of intensity, i. K is a coefficient of
proportionality; it is defined as the extinction coefficient for the
material of the layer. The thickness of the thin slice of the absorbing
medium is given by dx. The expression which describes the change
in radiation passing through the slice and which defines the
extinction coefficient can be written as
(3.1) di= - K(x)idx .
As long as the medium does not emit radiation, the solution to
the differential equation is
(3.2) io = C [exp(- KL)] .10
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t is the transmissivity or percent radiation transmitted through a
finite thickness L of the medium, and io is the intensity of the
incoming radiation normal to the plane of the slice . The constant, C,
is typically taken as unity so that a zero thickness produces a
transmissivity of one. Expression (3.2) can be rearranged as
(3.3) - ln(t) = KL .
The extinction coefficient represents how well the medium
attenuates radiation. It is comprised of the attenuation due to
absorption and that due to multidirectional scattering. The
dimensionless quantity KL in the previous two expressions is
referred to as the optical thickness of the medium. As KL becomes
higher, less radiation is transmitted.
When KL>>1, a medium is considered optically thick; the mean
free path of the radiation is much less than the typical dimension L
of the insulation. A significant amount of radiation is then absorbed
and re-emitted besides that which is transmitted. When the effects
of emission and scattering are taken into account, and when the
assumption of a gray medium is eliminated, one should use the
Rosseland diffusion equation. From this equation the value of the
Rosseland extinction coefficient may be determined for a given
wavelength interval over which radiative properties do not vary
significantly.
For more information relating to radiative heat transfer and for
a more detailed and general development of the extinction
coefficient, the reader is referred to Siegel and Howell [16]. For a
more detailed overview of the development of the wavelength
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dependent extinction coefficient as it applies to foams, the reader is
referred to the work of Mozgowiec [12].
3.2 Infrared Region of Interest
The temperature of interest when one studies building
insulation is typically on the order of room temperature (68 *F or
20.2 *C). Thermal radiation is emitted over the electromagnetic
radiation wavelength spectra including infrared radiation both far
(25-1000 gm) and near (0.7 - 25 gm), visible radiation (0.4-0.7 gm),
and a small amount of ultraviolet radiation [16]. Ninety-eight
percent of the blackbody radiation intensity at room temperature is
emitted in the wavelength range of 5 to 67 gm (wavenumbers 2000
cm- 1 to 150 cm-1).
3.3 Predicted Improvements in Extinction Coefficient
The overall objective of this project is to improve the thermal
performance of foam insulation by increasing its extinction
coefficient. In chapter 2, a model for the overall heat transfer
through foam was presented, and in section 2.2 the most recent
model of the extinction coefficient was discussed. This model was
based on the fact that the foam cell walls are only somewhat
attenuating to radiative transfer. One technique which reduces the
amount of heat transfer by radiation is to add opaque particles to the
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foam. The particles in the cell walls reduce the transmissivity of the
cell walls and increase the overall extinction coefficient of the foam.
In this section, a means of predicting the improvement from
the micropowders to the extinction coefficient is discussed. The work
is based on an analysis of radiative transfer in an absorbing-
scattering medium by Hottel and Sarofim [17]. Predictions made
using this analysis will be compared to work that has already been
completed by Torpey [2]. Using this analysis and the resulting
comparison, the size, geometry, and quantity of particles that should
ideally be added to foam for a particular improvement in the
extinction coefficient can be predicted. Also, the improvements that
should arise from a given particle size, geometry and quantity can be
predicted.
3.3.1 Particles Suspended in KBr Pellets
To make a prediction of the extinction coefficient of particles
added to a medium, one can start with the analysis of Hottel and
Sarofim [17]. An underlying assumption in this discussion is that
particles that are added to a system are completely opaque to
radiation, and they do not react with the medium to which they have
been added. For convex particles randomly arrayed in a medium,
the extinction coefficient is predicted by
(3.4) Kp= Ap Ap Vp4VT 4 i=IT
In this expression, Kp is the extinction coefficient of the particles
suspended in the medium, Ap is the total surface area of the particles
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which includes both sides in a two-dimensional projection of the
area, Vp is the volume of the particles, and VT is the total volume of
the system which contains the particles. The limiting assumption for
the Hottel and Sarofim work is that the particles are "large" or 2xr/X
> 5, where r is the effective radius of the particles and X is the
wavelength of interest. This criteria is not completely met in some of
the analyses that follow, but it will be shown that the prediction still
models that which is experimentally observed.
Expression (3.4) is the basis for the predicted extinction
coefficient improvement through the addition of particles. This
prediction can be used directly when particles are added to
potassium bromide (KBr) pellets for background analyses. KBr is
used in experiments to test the radiative properties of particulate
materials because it is highly transmissive to thermal radiation and
because it is chemically non-reactive. For the expression derived
from Hottel and Sarofim, (3.4), VT becomes the total volume of the
particles and the KBr in the pellet. If the particles are spherical in
shape, the ratio [ ] can be taken as [§] where d is the diameter of
the sphere. The ratio can be taken as [ ] for a platelet or flakeVP t
geometry, where t is the thickness of the flake. The major dimension
of the platelet cancels in this ratio.
For foams, expression (3.4) should be combined with the
recognition that foams are largely void and that most of the foam
polymer is found in the struts. A prediction of the resulting
extinction coefficient for particles added to foam can then be
formulated.
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3.3.2 Particles in Foam Cell Walls
Within foams, the struts may generally be assumed to be thick
enough so that the addition of particles will not change their
radiative properties, ie. the struts are already black. The particles in
the cell walls will increase the absorptivity of the cell walls.
Assuming that the particles are uniformly distributed by volume
between the foam polymer of the struts and the cell walls, the
increase in the foam extinction coefficient will be confined to the
particles in the cell walls. Equation (3.4) becomes
(3.5) Kp= ( - fs)(1 - ) [ [P V]
In this expression, (1 - 8) is the volume fraction of the foam occupied
by polymer and fs is the fraction of the polymer occupied by the
struts.
3.4 Review of Torpey's Results
3.4.1 Predicted and Experimental Improvements in
Extinction Coefficient
Mark Torpey [2] worked on the modeling of heat transfer
through foam insulation. His emphasis was on the reduction of the
radiative heat transfer through the foam insulation. He added
opaque particles to the foam insulation to make the foam cell walls
less transmissive to thermal radiation and to increase the extinction
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coefficient of the foam. Experiments were carried out for a variety of
particles in the flake form with three different foam systems, two
polyurethane and one isocyanerate foam. Four different particle
materials were used in the flake form, graphite, aluminum, stainless
steel and nickel. These materials were chosen because they are
opaque and they do not adversely react with the foam chemistry
during formation.
The particles were first mixed with KBr and formed into
pellets. This experimental technique will be outlined more fully in
section 6.1.2. The transmission through pellets with and without
particles was measured using a Fourier transform infrared
spectrometer. The extinction coefficient of the particles was
determined as the difference between the coefficients measured for
the KBr pellets with and without particles. The graphite particles
were found to give the largest extinction coefficient per unit volume
of particles added to the KBr. The graphite flakes used in Torpey's
experiments have a nominal thickness of 1/4 pm and a width of two
microns. The measured values of the extinction coefficient from the
powder-filled KBr pellets agree with equation (3.4) when the
thickness is taken as 1/8 g m. This may perhaps be due to the fact
that the actual thickness of the flakes was much less than 1/4 pm.
The four particle materials were then included in foams.
Samples were made with a number of different volume fraction
loadings of particles. Figure 2 shows a comparison of the predicted
particle extinction coefficient versus the measured value for the
foams. For the latter, the particle contribution is found from the
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Figure 2: Comparison of the Predicted Particle Extinction
Coefficient vs. Measured Value for the Foams
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difference between the measured extinction coefficient for the foams
loaded with the particles and a control sample of the same foam
system made without the particles. The predicted extinction
coefficients using equation (3.5) are shown for two thicknesses: the
nominal geometric value, 1/4 gm, and the value derived from the
experiments using the KBr pellets, 1/8 gm. Most of the data falls
between these two points.
3.4.2 Radiation Versus Conduction
The particles added to the foam will also tend to increase the
conductivity of the solid polymer. When the particle concentration
becomes large enough so that the individual particles can not be
assumed to be isolated, the effective conductivity can be
approximated by an empirical expression developed by Gelperin and
Einstein [18] for packed and dilute beds of particles:
(1-kf
k - 1 - )(1 - E)(3.6) k = + (I 0](.18 kf
kf 0.2880.63 ]s +.18
In this expression, kf is the conductivity of the continuous phase
which in this case is the solid polymer of the foam. Also, ks is the
conductivity of the solid particles added, E is the void fraction or the
fraction by volume of the continuous phase, and ke is the effective
conductivity of the resulting medium with particles dispersed
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kf
kf are given in the same units.
Figure 3 shows the predicted radiative and conductive heat
transfer contributions to a foam filled with graphite flakes as the
volume of flakes in the solid is increased. In this example, the foam
density is assumed to be constant at 28 kg/m3. The contribution due
to conduction increases almost as fast as the the radiative
contribution decreases resulting in a minimum in the sum of the two
at about 4% by volume. The largest predicted decrease in the sum of
the two is only about 2-3%. The extinction coefficient was taken to
be the average of the control values for this series of tests, 23 cm- 1.
This is a relatively large value. The radiative term is already rather
small, and the addition of the particles has only a modest effect on
decreasing it further. Figure 4 shows the measured foam
conductivity for one series of tests with graphite and aluminum. The
trend of the measured results is similar to that of Figure 3, however
the trend is not as smooth since the foam cell size as well as the
density changed somewhat for the different samples. The impact of
the particles on decreasing the foam conductivity is greater than that
predicted. This suggests that equation (3.6) may overpredict the
increase in the conductivity as particles are added to the foam.
3.4.3 Torpey's Conclusions
Small flakes of graphite, aluminum, stainless steel, nickel, and
cobalt were added in different percent mass loadings to foams [2].
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Figure 3: Predicted Radiative and Conductive Heat Transfer
Contributions to a Foam Filled with Graphite Flakes
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Figure 4: Measured Foam Conductivities for Foams Filled
with Graphite and Aluminum Flakes
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The flakes were typically on the order of 1/4 gm thick by 8 pm in
diameter. The concentration of suspended flakes within the cell
walls was found to be directly proportional to the increase in the cell
wall opacity. In seventy percent of the samples tested, the extinction
coefficient of the foam increased as the flake loading was increased.
However, the overall thermal conductivity of the foams did not
have a similar trend of improvement. Because the thermal
conductivity of the flake materials was so much larger than that of
the solid polymer, it is believed that the resulting increase in the
solid conductivity offset the improvements realized through the
reduction of the radiative conductivity. Also, the flakes could have
lead to an increase of foam anisotropicity which could also increase
the effective conductivity of the foam The best improvement that
was observed in the foam samples tested was a reduction of the
overall thermal conductivity of 10%. This is a very promising result.
3.4.4 Direction for Present Work
One way to reduce the change in the conductivity with particle
addition is the use of low conductivity, opaque particles.
Unfortunately, electrical' non-conductors which have a low thermal
conductivity also are not very opaque in the infrared wavelengths.
One solution is to coat low conductivity particles with a very thin
layer of an absorbing material such as graphite. A very thin layer,
submicron in thickness, is sufficient to make the particle opaque.
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The effective conductivity is a function of the volume ratio of the
highly conductive material on the particles to the continuous phase,
here the solid polymer of the foam, summed with the core of the
particles. The thin surface coatings will only have a small influence
on the solid conductivity.
Anticipated Improvements: An Example
Figure 5 illustrates the predicted results when 1 gm diameter
spherical particles are added to the foam. It is assumed that the core
of a sphere has the same thermal conductivity of the polymer in the
foam. The spheres are assumed to be coated by an opaque graphite
coating which occupies ten percent of the volume of the sphere. The
particles are uniformly mixed in the struts and the cell walls,
equation (3.5) can be used to predict the extinction coefficient for
foam with the addition of these coated particles. The assumption for
figure 5 is that twenty percent of the polymer and the particles are
found in the cell walls. In this example, it is assumed that the base
foam has a 0.4 mm cell diameter with an extinction coefficient of
16.4 cm- 1. The solid conductivity is calculated form equation (3.6)
using the volume fraction of the coating as the high conductivity
component, or ks.
Note in figure 5 that because the volume fraction of the
graphite coating is only one tenth that of the the particles
themselves, the solid conduction does not increase appreciably as the
particles are added to the foam. Thus the radiative component as
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Figure 5: Predicted Radiative and Conductive Heat Transfer
Contributions to a Foam Filled with
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well as the sum of the radiative and conductive component falls
substantially without reaching a minimum point at some
intermediate volume fraction of powder. In this example, the
addition of fifteen percent powder by 'volume to the polymer would
result in a reduction of the overall foam conductivity by fifteen
percent. This example is the motivation for the approach of this
present work.
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4. Candidate Micropowders
4.1 Background
The objective of this project is to improve the thermally
reflective ability of foam insulation through the addition of
micropowders. The radiation element of heat transfer through the
foam insulation is of primary concern. The cell walls of the foam are
virtually transparent to thermal radiation [10]. Thermally opaque or
scattering particles added to the foam will increase the reflective and
absorptive powers of the foam, especially if they are aligned in the
cell walls. Previous research at MIT including the work of Torpey [2]
has directed this present search for candidate micropowder
materials.
4.2 Characteristics of Candidate Materials
4.2.1 Materials with Low Thermal Conductivity which are
Opaque to Radiation
This section will discuss the properties of ideal micropowders.
Polymers, glasses, ceramics and other materials with low thermal
conductivity are of primary interest as the cores for candidate
micropowders. These materials are then coated with submicron
layers of carbon, aluminum, silver, gold or other materials which are
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opaque to thermal radiation Thin coatings of carbon and metals are
opaque to thermal radiation, but are not thick enough to appreciably
increase the thermal conductivity of the resulting particulate
material. Micropowders composed of low conductivity cores with
thin coatings of carbon or metal will be opaque and will have a
thermal conductivity about the same as the polymer of the foam.
This work is most interested in these kinds of composite
micropowders.
It has been found through Fourier transform infrared
spectrometer analyses that a layer of gold or aluminum only needs to
be approximately 200-400 angstroms thick to be opaque to thermal
radiation. Similarly, a layer of graphite only needs to be
approximately 500 angstroms thick to become thermally opaque.
Figure 6 shows FTIR analysis of transmission through a thin slice of
polyurethane foam. The top line is the radiative transmission
through the slice while it remains uncoated. The middle line is the
slice after a coating of approximately 100 angstroms of gold has been
applied. The lowest line is the same slice after another coating of
100 angstroms has been applied. The slice of foam has an average
transmissivity less than 1% after 200 angstroms of gold have been
applied. The sample has basically become opaque to thermal
radiation. Figure 7 shows the transmission through a thin piece of
polyester that has been coated with approximately 200-300
angstroms of aluminum. The sample is opaque to radiative transfer,
and only instrument noise is being picked up on the register.
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It is difficult to pinpoint the actual thickness necessary to
achieve a coating that is opaque to radiative transfer. The coatings in
these experiments have been applied using sputtering and vapor
deposition technology. In these processes, thicknesses are typically
determined by the amount of time that current has passed through
the deposition system. There is no easily accessed method for
measuring a thickness once it has been applied. The thicknesses of
coatings given here correspond with the estimates for the associated
current necessary to produce them. This is why they are
approximate.
4.2.2 Size and Geometry for Candidate Particles
Foam cell walls are less than or approximately one micron in
width. Figure 8 demonstrates the various cell wall sizes using the
scanning electron microscope. Torpey [2] believed that thicknesses
of added particles should be less than the thickness of a cell wall.
Foam cell walls may be broken during formation by larger
thicknesses of particles. Candidate particles should be at least 1-2
microns in their major dimension in order to interfere with infrared
waves of interest. They should perhaps be larger than this so that
they distribute themselves more evenly through the cell walls.
Torpey used flakes that were roughly 1/4 gm in their minor
dimension and were 5 gm or less in their major dimension. He found
that foam cell walls were left intact in the foams that had these
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Figure 8 SEM of Polyurethane Foam Cell Walls
55
20 V :2:0 0 0 U 1 1 4 M I T
particles added He also found that the particles were primarily
located in the struts. He concluded that if the particles were larger in
their major dimension, they may located themselves in the cell walls
where they are more needed. If they are too large, however, they
may break the cell walls.
In section 3.3.1, an expression for Kp, the extinction coefficient
for particles added to a medium, was developed. Kp is directly
Ap 6proportional to [Vr]. This becomes [6] for a spherical particle where
Ap 2
d is the diameter of the sphere. The ratio [V] can be taken as [2] forVP
a platelet or flake geometry. These relationships demonstrate that
the smaller the particle is, the better. From these relationships, it is
seen that for smaller particles, larger improvements in the extinction
coefficient will be observed.
Platelet, needle-like, or flake-like geometries have been of the
most interest. The relationships for Kp indicate that platelet or
needle-like, geometries will give better extinction coefficient
improvements. They maximize the surface area to volume ratio for a
given quantity of particles. This is important since the blockage of
radiative transfer is dependent- on the amount of opaque surface
exposed to the radiation. Also, a smaller volume of particle added
will cause a better improvement. It is also believed that these
geometries would be less disruptive to the production of foam cells
than a more spherical particle form. The surface tension of the cell
walls would be more effective in terms of lining up platelets than
spheres. It is believed that these flake-like particles could more
easily align themselves in the cell- walls without breaking cells.
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Because they would be more apt to align themselves in the cell walls,
they would stay out of the already opaque struts.
4.2.3 Chemical Properties for Candidate Particles
When the particles are added to the polymer, it is important
that the particulate material is wettable to the polymer resin of the
foam during formation. It is also important that they do not start a
reaction when combined to the polymer. If the particles are not
wettable or inert to the polymer resin, voids in the foam may result.
Such voids increase the rate at which the low conductivity blowing
agent diffuses out of the foam. When the concentration of blowing
agent within the foam decreases, and the concentration of air
increases, the overall effective conductivity of the foam increases.
Through previous experimentation in the foam industry,
different materials have been found to be non-reactive to the foam
polymer resin [19]. Various materials that are opaque to thermal
radiation and do not disrupt foam cell formation include graphite,
aluminum, stainless steel, nickel, and cobalt. These materials are
potential coatings for composite micropowders. Various polymers
are also chemically compatible to foam formation. These include
polyurethane, teflon, .polystyrene, polyester, PPO (based on
polyphenylene oxide), and PMMA (polymethyl methacrylate) to
name a few. These materials are potential core materials for
composite micropowders. Uniform dispersion of the particles should
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also take place more readily if the materials of the micropowders do
not interfere with the foam's chemistry.
4.2.4 Cost and Availability of Candidate Materials
Materials and techniques for micropowder production available
in industry have been reviewed. If a powder material or production
technique which is already available in industry can be used to
produce powders with the characteristics outlined above, then the
resulting powders can be included in industry foam quickly and cost-
effectively. This condition could allow for an immediate solution for
the use of alternate blowing agents.
4.3 Materials Surveyed
Many different materials and techniques that are presently
available in industry have been reviewed through the course of this
work. Materials originating in many different forms have been
considered. As long as some of the qualities outlined in the previous
section have been met, the materials have been examined.
Modifications are then required to put the materials into the desired
end form. Section 4.3.1 describes the various states in which
materials of interest may be found and what subsequently needs to
be done to them. Section 4.3.2 describes different materials
available in industry that are of interest.
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4.3.1 Means of Obtaining Thermally Opaque Particles with
the Average Conductivity of the Polymer
At the present time, candidate particles of interest have the
qualities outlined in section 4.2. They are basically composed of
polymer platelet cores which are submicron in thickness with an
angstrom order of magnitude opaque coating. The diagram in figure
9 depicts the different ways by which this final form can be
achieved. The initial forms of candidate materials which are found in
industry are indicated by boxes. These boxes are connected by lines
to the processes that they must endure to achieve the final desired
form. The result is the micropowder which is to be included in foam.
Discussion of actual techniques to coat and to grind candidate
materials will take place in chapter 5.
4.3.2 Types of Candidate Materials Considered
Various materials which can be used to produce candidate
micropowders have been reviewed.
Ground foam
The polymer of the foam itself has been considered as the
possible core material of candidate particles. It is clear that this core
material would be wettable and inert to the foam polymer since it is
the same material. Figure 8 shows that the foam cell walls are less
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than a micron in thickness. It follows that if the foam cell walls are
ground into flakes, the maximum thickness of a flake resulting from
a cell wall would be submicron. The thickness of the resulting flakes
would not disrupt foaming.
A cube of foam was therefore ground in a rudimentary
cryogenic ball mill with the goal of producing micron sized
polyurethane flakes. The ball mill will be discussed in chapter 5.
Since the resulting particles were not opaque to thermal radiation,
they needed an opaque coating. The coating techniques for powders,
including mechanofusion and hybridization, will also be
discussed in chapter 5.
The ground foam powder was viewed after grinding in the ball
mill using a transmissive electron microscope (TEM). Some of the
resulting flakes have submicron dimensions and a somewhat needle-
like geometry. Figure 10 shows a resulting particle. The size and
geometry of the particles viewed met with the optimal specifications
described in section 4.2.2. However, the resulting particles were also
tested for size at Micron Powder Systems using a sieving technique.
The particle sizes that were measured ranged upwards of 150 gm.
Because of the large range in particle size, these particles were no
longer pursued, and could not be coated using the available
techniques.
Another technique of using the polymer of the foam as the core
material for micropowders was pursued. It was believed that large
particles were perhaps resulting because the starting chunks of foam
were too large and were not being agitated in the ball mill for long
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Figure 10 TEM of Uncoated Polyurethane F
Major Dimension
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ticle, U.X / microns in its
enough periods of time. Also, the problem of coating particles was
addressed simultaneously. Thin foam slices were coated with vapor
and sputtering depositions of carbon and gold. The slices were cut
using the isomet saw. They were cut approximately to a thickness a
little less than two cell diameters. The sample thicknesses were
checked using a paper micrometer. The cutting and coating
techniques will be described in chapter 5. Use of the micrometer to
determine the thickness of foam slices will be described in chapter 6.
The resulting transmissivities of these thin foam slices were analyzed
before and after each coating was applied. The characteristic shape
of the transmissivity curve after the first 100 angstroms of coating
was applied to a slice was the same as that for the foam polymer
slice without coating, only muted. Transmission dropped to below 1%
after another 100 angstroms of gold were applied. Observation using
an optical microscope showed that the coatings on the foam slices
were not uniform because of blocking due to the three dimensional
spherical geometry of the cells and from partially cut cells.
After FTIR analyses were completed, the coated foam slices
were then ground. The motivation was that if the original slice of
foam was less than two cell widths thick, after coating each side at
least one face of each cell wall would be coated. If the foam was
then ground, the coated cell walls would break up into particles that
were coated on at least one face. The grinding has resulted in
similarly sized and shaped particles as the uncoated, ground foam
polymer. Using the transmission electron microscope, it was difficult
to discern any coating on the resulting particles. However, mixed in
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with these particles are other particles which have a different
characteristic outline than the polymer particles. These appear to be
metal or graphite particles, depending on which type of coating was
applied to the foam slices. Figure 11 shows such a particle that was
found mixed in with polymer particles. This particle resulted from
the grinding of graphite-coated foam slices.
The samples of particles resulting from coated foam slices were
qualitatively analyzed on the FTIR spectrometer. The results show
that there is not a significant decrease in transmission through the
supposedly coated flakes when compared to the transmission
through the uncoated flakes. This is partially due to the fact that
opaque coatings were not applied to both sides of the foam slices.
Tests on the spectrometer have shown that gold coatings need to be
between 200 and 300 angstroms for opacity to be achieved. The
coatings that were applied to each side of the foam slices were half of
that. The thickness of a carbon deposition necessary to block out
transmission is even larger, approximately 500 angstroms. Overall,
this is a rather costly experimental coating technique and has not
been pursued further.
Samples were also made up using 3M Krylon matte black paint
with active ingredient of synthetic carbon black instead of utilizing
the sputtering process. This was an economic way of testing the
rudimentary ball mill since vapor deposition and sputtering are
costly techniques. Analysis was made to determine the thickness of
the paint necessary to block out thermal radiation. A KBr window
with known area and mass was coated with various thicknesses of
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Figure 11 ThM of Carbon Particle Found in a Sample that was an
Attempt of a Coated Polyurethane Particle, 2.8 microns in its Major
Dimension
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the paint. The window was weighed again after the coatings were
applied to find the mass of the coatings. Using the density of the dry
paint as given by the Borden Chemical Company, the thicknesses of
the coatings were calculated. The transmission through the window
was measured using the FTIR spectrometer before and after the
coatings were applied, but the results were not very informative
since the solvent within the 3M Krylon matte black paint partially
dissolved the KBr window. The thicknesses which were applied that
were found to be mostly opaque to thermal radiation were about 10
microns. This is much too thick for the purpose of this research.
Polymer powders
Various polymer materials can be found in industry already in
powder form. The difficulty is finding particle sizes that are small
enough. Some materials that were found already existing in powder
form in industry include teflon, polystyrene, polyester, PPO (based
on polyphenylene oxide), and PMMA (polymethyl methacrylate) to
name a few. The teflon particles were supplied by Dupont and are
not uniform in shape or in size but are roughly 10 pm across. The
polystyrene particles were supplied by Yorkshire Nachem and are
spherical and roughly 20 gm in diameter. The PPO powder is again
not uniform and was supplied by General Electric and has particle
sizes of roughly 30 gm across. The PMMA powder was a leftover
sample at Micron Powder Systems and the spherical particles are
roughly 8 gm. When first considered, some of these particles were
assumed to be smaller in diameter.
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These materials were not opaque to thermal radiation so they
required coating. They were coated using techniques developed by
Micron Powder Systems and Bepex Corporation. These systems are
called mechanofusion and hybridization respectively. These
techniques will be described in chapter 5. It is difficult to use these
coating processes for powders that are less than 5-10 gm in their
major dimension. Particles that are in this size range are also
dangerous to work with in terms of clogging the human respiratory
track.
Packaging materials: Metallized sheets of polymer
Packaging companies are a source of materials of interest.
They produce thin sheets of metallized plastics. These extruded
plastics can be coated through the technique of vapor deposition with
various metals. The coatings which result are typically metal layers
50 - 300 angstroms thick. Packaging companies are interested in
economically produced, optically reflective materials. Fortunately,
this process produces a thermally reflective material with minimal
increase in thermal conductivity. The average thermal conductivity
remains in the range of polymers. Unfortunately, the thinnest
extruded plastic found in this study which is currently produced in
the packaging industry was 12 pm thick.
Samples of aluminized 12 pm inch polyester have been donated
by the Madico Company. These samples have been tested for their
transmissivities, and they are opaque to thermal radiation with only
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instrumental noise registering in the data collected with the Fourier
Transform Infrared (FTIR) spectrometer (See Figure 7). The
thickness of the samples are approximately 12 gm. This would
probably be the smallest dimension of a particle made by the
grinding of the material. Other dimensions of the particles would be
even larger. These dimensions are much greater than the thickness
of a cell wall, and would disrupt foaming. Some attempts were made
to grind this material in this work. Even using a ball mill at liquid
nitrogen temperatures, this aluminized polyester was impossible to
grind.
Engineered Plastics, a company in New Jersey which specializes
in plastics, has suggested polypropylene and polyester as polymers
which can be even more thinly extruded than 12 gim. They also
suggested that the 12 gm polyester materials are presently
metallized and ground after extrusion for some uses. This is the
process used in the production of particles for metallic paints used in
the automobile industry.
Polystyrene sheet
Dow has donated polystyrene sheets with thickness of 0.001
inches which is too thick to be used as the thickness of the flakes.
Foamed polymer and thinner extruded polymers are perceived as
more promising forms of polymer for grinding at this time. The
thicknesses of foam cell walls and the thinner extruded polymers are
closer to the right magnitude for the micropowders of interest.
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Particles used to Mark Fluid Flows as Candidate Materials
Candidate particles considered have included those used to
mark fluid flows. These have lead to the consideration of guanine, an
organic material derived from fish scales. Guanine is optically
reflective, and since it is organic, it has low thermal conductivity.
Initial qualitative measurements with the FTIR spectrometer reveal
that it may have interesting thermally reflective qualities as well.
Figure 12 reveals that natural guanine which has been dried and
ground blocks out radiation throughout the wavenumber region of
interest. The average transmissivity of a loading of approximate
mass ratio of 5% sample to KBr is approximately 20% (within 10-20%
accuracy). Unfortunately, natural guanine is expensive (over
$55/pound) and available only in limited quantities because of the
nature of its source.
A manufacturer of guanine, the Mearle Corporation, also
synthetically manufactures optically reflective ceramic flakes for
makeup products and paints. They coat mica platelets of various
sizes with TiO2 and Fe203. The Mearle Corporation has donated
various samples which have been tested qualitatively in a Fourier
Transform Infrared spectrometer. They have been found to be
thermally transmissive (See Figure 13). The average transmissivity
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of a loading of an approximate mass ratio of 5% sample to KBr is
approximately 80% (within 10-20% accuracy).
Plain mica platelets, also thermally transmissive, are being
considered as a base flake material that can then be coated with
metal and then added to the foam polymer. The thermal
conductivity of the mica platelets is comparable to other ceramics
and is therefore higher than the foam polymer. The mica platelets
are therefore not of primary interest as core materials at this time.
Mearle also donated an optically shimmery, extruded plastic packing
material which melts when coated with metals and metallic paint
and is thermally transmissive by itself. This material has been
dismissed from consideration.
Silicas, Ceramics, and Glass as Potential Cores of Candidate Materials
Various silica powders have been donated for use as core
materials in this project. These materials have not been considered
seriously because they have thermal conductivities that are higher
than that of the solid of the foam material.
Scotch glass bubbles which are used as fillers in cements have
also been considered as a core powder material that would then be
coated with metal and then added to foam polymer. These hollow
glass spheres range from 1 - 150 g m in diameter with wall
thicknesses between 0.5 - 2.0 gm. The thermal conductivity of the
bubbles is comparable to other ceramics and is therefore higher than
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the foam polymer. The bubbles could be coated and then crushed or
crushed and then coated to produce flakes of optimal dimensions.
Various Glitter and Sparkles
Different companies such as Consolidated Astronautics produce
a wide variety of flakes including metals and metal oxides, but not
heterogeneous flakes as sought in this project. Atlantic Powdered
Metals, Inc. produces non-tarnish sparkles of 5 gm in their major
dimension which are polymer coated Al flakes. These flakes are
primarily Al with its characteristic conductivity. In this project,
glitter products have also been considered including that of Glitterex
Corporation. This is a product that is basically aluminized, extruded
polymer which has then been chopped up into little squares.
Unfortunately, this product is too thick with a thickness of 12
microns and major dimensions of approximately 100 pm. This is also
a very expensive product costing about $28/pound.
Polymides
There is presently research underway in the Materials Science
Department at MIT on polymides which are visually reflective
polymers. These polymers are generally reflective in the visible
region. It is not known how transmissive they are to thermal
radiation. At this stage in their development, they are not inert and
would probably interfere with foam chemistry. Polymers which are
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thermally reflective may be developed, but will not be readily
available or affordable for use in this work for some time.
Toners
Toner materials are used in the printing industry. They are
particles that range from just 2-3 pLm in their major dimension to
100 ptm depending on what machine uses them [20]. Some of them
have relatively high conductivities, and they are designed to have
emissivities of 20-30%. However, they are a composite material
made of a plastic compound mixed with various blackening
materials. Typically the blackeners are a type of ceramic iron oxide.
Depending on the compositions of the toners, they may have low
thermal conductivities. Though 13 different toner samples were
donated to this project by International Communications Materials
Incorporated, they were not analyzed.
4.4 Materials with Potential
Of those materials surveyed in this work, the most interesting
ones are the already existing polymer powders. Powders have found
in industry powders that are approximately the optimal size
determined in section 4.2.2 and that are made of a polymer which
does not react poorly with the foam. These have been of primary
interest because producing materials of micron sizes was found to be
difficult. Unfortunately, most of the smallest micropowders
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discovered in this work have particles which are spherical in shape.
Existing powders are also of interest since industry has developed
various coating techniques for powders. These will be discussed in
chapter 5. For academic purposes it would also be interesting to
study the radiative properties of natural guanine and toners.
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5. Candidate Micropowder Production
Methods and Techniques
Various laboratory techniques were used to produce coated
micropowders with the properties discussed in section 4.2. The
techniques listed in this chapter are those that were used to produce
candidate micropowders. Some of these techniques were successful
in achieving the characteristics described in section 4.2, and others
were not. Chapter 6 lists the techniques that were used to primarily
test radiative properties of resulting micropowders.
5.1 Ball Mill
X rudimentary cryogenic ball mill was set up to grind foam
samples. The goal was to produce micron sized polyurethane flakes.
Since the thickness of foam cell walls is less than a micron (see figure
8), then the resulting thickness of particles made from the cell walls
should be no greater than a micron. The objective of placing
uncoated foam in the ball mill was to produce core particles that
could be subsequently coated. Some coated samples were also placed
in the ball mill in attempts to eliminate the need to coat particles
after they were ground in the mill.
The ball mill was set up with the advice of Professor Stuart
Brown at MIT [21]. An aluminum film can without seams was chosen
as the ball mill canister. Aluminum was chosen because it remains
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ductile at liquid nitrogen temperatures. The can was partially filled
with steel ball bearings. The steel may chip at liquid nitrogen
temperatures and contaminate the powders produced, but it can be
removed with magnetic force. The foam samples to be ground were
then placed in the can which was then clamped closed. The can was
submerged in liquid nitrogen until boiling of the nitrogen stopped. It
was assumed at this point that the can and its contents were near
liquid nitrogen temperatures. Liquid nitrogen temperatures were
used to reduce bond flexibility of the polymer and to allow flaking
without agglomeration. The can was then agitated manually until it
was apparent from defrosting of the outer surface of the can that the
temperature was approaching room temperature. This typically took
two minutes.
At this point the can was opened to see if there were any large
chunks of foam left. If there were, the can was closed again and was
once again submerged in liquid nitrogen. The freezing, agitation, and
examination steps of the process were repeated several times before
the can was opened and there were no large foam chunks left. The
resulting particles were then removed from the container.
Problems arose because of the simplicity of the design of the
ball mill. There was no way to determine if the aluminum can had
been agitated long enough. Particle size is related to the time period
of agitation. There was not a means of measuring the particles' sizes
as they were being ground.
The ball mill was also used in an attempt to grind up
aluminized polyester packaging material. Part of a sheet of
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aluminized polyester was placed into the ball mill, and the process
described above was used. The aluminized polyester did not become
brittle at the liquid nitrogen temperature of the system. Hence,
particles did not result in this effort. In another effort, the
aluminized polyester sheet was cut into small shreds with scissors.
This attempt was also unsuccessful and particles did not result.
5.2 Isomet Saw
As mentioned in section 4.3.2 , thin foam slices were cut using
an isomet saw. They were cut to just less than 2 cell diameters in
width. They were then coated on both sides with graphite or gold.
This was done in hopes of coating each of the walls of the foam slice
on at least one side. They were then ground using the ball mill
technique described in 5.1 above. This was not a particularly
successful method of producing coated micropowders because the the
three-dimensional nature of the foam cells did not allow for a
uniform, opaque coating on all of the cell walls. However, it did
require the use of a common technique for cutting foam into slices.
This was the only application of this cutting technique that was used
in this project.
In previous works, this technique has been used to cut foam
slices that are used for radiation property analyses. Previous
observation of the resulting surfaces of the foam slices [12] reveals
that the isomet saw chews up the cell walls as it cuts them, leaving
behind a layer of broken foam cell walls on the surfaces of the slices.
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This fact must be considered when comparing the radiative
properties of the foam slices to their thicknesses. For this reason,
this cutting technique was not used for the bulk of the FTIR sample
preparation in this work. The microtome saw was used instead. It
will be described in chapter 6.
To slice the foam using the isomet saw, cylindrical cores of
foam were cut using a corer (See figure 14). The corer was made
from a thin-walled pipe by Page [22]. One end of the pipe was filed
to form a tapered cutting edge. Cores of foam which were
perpendicular to the face of the foams were achieved by placing the
foam on a flat surface perpendicular to the drill axis. The plugs were
then sliced using a Buler Isomet low-speed saw also pictured in
figure 14. The saw cut the foam slices with a high density diamond-
edged wafering blade, which is a thin disk with a 5 inch diameter.
The core of foam was held on the saw using a custom built chuck
(also by Page).
5.3 Determination of Thickness of Opaque Coatings
The Fourier transform infrared spectrometer (FTIR) was used
to determine the thickness of coatings necessary to make the
micropowders opaque to thermal radiation. As explained in section
3.2, the region of radiative transfer which insulation should block out
is the wavelength range of 5 to 67 pm. Unfortunately, in terms of
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laboratory equipment, most available Fourier transform infrared
spectrometers have a limitation; intensity can only be measured up
to 25 g m. Still, eighty-two percent of blackbody radiation intensity
at room temperature is emitted in the wavelength band between 5
and 25 ptm. This range represents a majority of the radiation energy
emitted at room temperature, thus FTIR experimentation should give
a good representation of the radiative properties of the potential
coatings for micropowders, the resulting micropowders, and the foam
insulation.
The FTIR used in this work was a Nicolet IR44. There is a
personal computer attached to the FTIR with software which is
capable of displaying and manipulating the transmission data. The
FTIR consists of a high-temperature source which emits infrared
radiation which is then focused by mirrors into a thin beam. The
sample of interest which in this set of experiments was both the
uncoated and coated KBr window, is set into a chamber which is
sealed from the room environment and then purged of water and
carbon dioxide. If necessary, this chamber can be purged of air and
flushed with nitrogen. The sample is placed in the chamber so that
the beam passes through it. After the beam passes through the
sample, a prism breaks up the remaining beam into its spectral
elements so that the detector measures the intensity of the
transmitted radiation as a function of wavenumber.
To obtain transmissivity data, the spectrometer must take a
ratio of the intensity of the beam passing through a sample in purged
air to the intensity of a beam passing through a control. The
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intensity of a beam passing through a control is referred to as the
"background," and it is recorded first. To obtain a background, one
must first decide how many times the intensity will be recorded to
obtain an average. On the FTIR used in this project, this count is
referred to as "number of scans." Typically, 64 scans or more should
be used for accuracy. In addition, the wavenumber interval for
which intensities are desired must be specified; this interval is
referred to as the resolution. Any wavenumber interval between
400 and 4800 cm-1 can be specified. In our experiments, we used
the wavenumber interval 400 to 2000 cm- 1. After the parameters
are set and the control is set up for the particular experiments, the
system is then allowed to purge for a period of ten minutes from
time of closure of the sample chamber. The command is then given
to begin scanning to produce the background. If less than ten
minutes of purging is allowed, the presence of water and carbon
dioxide will interfere with and reduce the intensity in the
wavenumber region of 1200 to 2000 cm- 1. Once a proper
background intensity spectrum has been measured and stored in
memory, the sample chamber is opened and a sample is placed into
the path of the beam. The chamber is again purged, and the
command is given to scan for the sample. In this case, the FTIR
measures intensity as it did for the background. Whereas the data
for the background was displayed as intensity, the data for the
sample is displayed as transmissivity over the specified
wavenumber region. Until a new background is made, all
subsequent samples are compared to the first background taken. In
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his work [12], Mozgowiec describes the technique used specifically
for foam samples against a background of dry air.
Using the Nicolet IR44 spectrometer, a single average value for
the transmissivity through a sample can be achieved. The "integrate"
command can be used for this purpose. This command is used with
starting and ending wavenumbers as arguments. The value that is
returned is called the peak area. It is the area between the %
transmittance curve shown for the sample and the maximum
transmittance of one over the wavenumber region specified. If the %
transmittance curve is referred to as T , the integrate command
integrates (1 - T) with respect to wavenumber over the specified
wavenumber region. The average transmissivity can then be
calculated from
(5.1) tave = 1 -
712 - T11
In this expression, Ap is the peak area, 1 2 and 11 1 and are the
beginning and ending wavenumbers respectively.
When the FTIR was used to determine the thicknesses required
for different coating materials to be opaque to thermal radiation, a
KBr window technique was used. KBr was chosen as the material for
the window because it is transmissive to thermal radiation in the
wavenumber region of interest (400-2000 cm- 1 ), and it is relatively
inexpensive compared to other FTIR window materials. The
uncoated KBr window was the control in this set of experiments, and
the intensity spectrum of the beam that passed through the KBr
window was the background. After the background for the KBr
window was measured, a coating of gold was then applied. The
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coated KBr window was then placed in the sample chamber, and data
for the transmissivity of the sample was measured. Using this
technique, it was determined that the thickness of gold necessary to
produce an opaque coating, or one where the resulting average
transmissivity was less than 0.01, is 200 - 300 angstroms. Similar
experiments were run using aluminum and graphite. The thickness
necessary for an opaque coating of aluminum is on the order of 150-
300 angstroms while that for graphite is closer to 500.
5.4 Density Measurements of Powders
Companies supplying powder materials often quote tapped
densities for their products. Unfortunately, the tapped density is not
the true density of the powder material, but rather it includes the air
mixed in with the powder after a certain amount of "tapping" of their
product has taken place. The tapped density is of little value when
trying to determine the absolute mass ratio of opaque coating
material to mix with polymer core in order to end up with an opaque
powder. The absolute volume of coating necessary is determined by
multiplying the thickness of coating material required for an opaque
layer (determined in section 5.3) by the surface area of the core
particle. This gives the volume of coating material necessary for a
particular particle volume. The true densities of the core and coating
materials are necessary to convert this volume ratio to a mass ratio.
The author attempted to use a pycnometer to measure the
absolute volume of a known mass of powder material. The powders
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contaminated the seals of the system and therefore this method was
unsuccessful. Since this technique was unsuccessful, the author
instead used approximate values for absolute densities found in the
Materials Handbook [23]. The actual mass ratios used in the
hybridization and mechanofusion coating techniques were
determined by trial and error by the companies which did the
coating work.
5.5 Coating Techniques
5.5.1 Sputtering and Vapor Deposition
Vapor deposition and sputtering were used to coat foam slices
that were then ground in the ball mill. These coating techniques
were also used to coat the KBr window when thicknesses of opaque
coatings were being determined. Samples that are to be viewed
under the scanning or transmissive electron microscopes are also
coated using either vapor deposition or sputtering during their
preparation. Deposition occurs in a chamber where a vacuum has
been achieved. Current is run through the material that becomes the
coating on the samples. In these processes, thicknesses are typically
determined by the amount of time that current has passed through
the depositing material. For the system used in this work, 45
seconds of current produced a thickness of approximately 100
angstroms.
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These coating techniques in conjunction with a vibrating plate
were considered as a possible means to coat powders that were not
yet opaque to thermal radiation. The vibrating plate would be used
to suspend and mix the particles during the deposition process. This
would ensure a uniform application of coating on the particles during
the deposition. Using this method, the vibrating plate would only be
started after the vacuum had been drawn so as to not contaminate
the seals of the vacuum chamber with the particles. Also, after
sputtering, the air would need to be readmitted slowly. This
technique was not pursued because there were no sputtering
machines available for tinkering and experimentation.
5.5.2 MechanofusionT M
Mechanofusion (trademark) is a means of coating existing
powders with other smaller powders. It has been developed at
Micron Powder Systems (See Appendix H for address). The process
takes place using the ang mill, a grinding mill also developed at
Micron Powder Systems. Mechanofusion is a mechano-chemical
reaction upon two or more particles which after processing become a
new material with new physical and chemical properties [24]. As
well as coating, sphericalization of particles, intensive dispersion and
precision mixing, and granulation can also result from the
mechanofusion process. The characteristics of the materials added to
the mechanofusion system determine which of the effects becomes
predominant.
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The mechanical principle of mechanofusion system is shown in
figure 15. Strong compression and friction are applied to the
particles by the grinding effect of the ang mill. The high shear
results in a surface fusion of the particles and penetration of the
finer particles into the body of the larger particles [26]. The process
of mechanofusion has several steps. First, the small coating particles
referred to as fines are mixed with the core particles. During the
early stages of mixing, aggregates of fines attach to the coarse
particles in their vicinity. When a coarse particle with fine
aggregates adhered to its surface collides with a non-coated particle,
it transfers some of its fines to the latter. By friction and collision
between particles, agglomerates of fines are gradually dispersed onto
the core particles. Thus there is an increase of coated core surface
area. The dispersion of fines starts from the earliest stages of the
mixing process. The dispersion rate and rate at which agglomerates
of fines are broken up depend on the amount of mechanical energy
input to the system.
A series of tests were conducted using the Mechanofusion
System (AM-15F) for this work. Two days of equipment time and
technician direction were donated by Micron Powder Systems for
this work. The objective of these tests was to coat PMMA
(polymethyl methacrylate) powder of two different sizes and PPO
(based on polyphenylene oxide) powder with graphite particles.
Only small quantities, less than 80 g, of the materials could be
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[25]
processed during each somewhat time-consuming run. After each
run, the resulting particles were examined under an optical
microscope and analyzed with a granulometer. The results from the
granulometer tests and the records kept of mechanofusion processing
can be found in Appendix B. The material safety data sheets for the
powders used during processing are found in Appendix A.
During the first test, 68 g of PMMA powder with an average
particle diameter of 92 gm was mixed with 5.6 mm of graphite
agglomerate particles with an average diameter of 4 pm. These
particle sizes were measured using the granulometer which will be
discussed further in section 5.6. They were placed into the
Mechanofusion System (AM-15F) for 10 minutes for an initial mix.
They were then examined under a microscope which showed that the
core particles became grayer in appearance, but parts of the surfaces
were uncoated. The granulometer which measures a particle size
distribution was used at this point to examine the particles. In this
case, two different particle size distributions were observed, that of
the PMMA and that of the graphite. The mixture was then processed
in the mechanofusion system for another hour. At this point, there
was only one particle size distribution observed showing the general
size of a coated PMMA particle. Viewing under the optical
microscope revealed that there still remained uncoated surface area
on the PMMA particles.
Because at the end of the first test some surface area appeared
to remain uncoated, more graphite was added during the second test.
The ratio mixed was 68 g of PMMA powder with an average particle
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diameter of 92 9m with 6 g of graphite particles with an agglomerate
average diameter of 4 gm. Again, viewing under the optical
microscope revealed that parts of the surface area of the PMMA
particles remained uncoated. The mixing ratio was then increased to
68 g of PMMA particles to 10 g of graphite particles. This time when
the resulting particles were viewed, it seemed that the PMMA
particles were mostly coated. There were also graphite particles left
over in the resulting material that had not been embedded in the
surface of the PMMA particles. These graphite particles remained in
agglomerates; they did not break up during this process Hence, a
saturation limit had been met.
PMMA particles with an average particle diameter of 7.6 pm
were also used in the mechanofusion system. They were mixed with
graphite particles in a ratio of 68 g to 10 g. Unfortunately, a coating
was not achieved because the size of the graphite agglomerates were
half as large of the core particles so embedding did not take place.
PPO particles with an average particle diameter of 31 gm as
measured by the granulometer were mixed with graphite particles.
The first loading was 68 g PPO and 8 g graphite. Observation of the
resulting material showed that there was an excess of graphite mixed
with the coated PPO particles. The last test using the mechanofusion
system included 68 g of PPO and 6 g of graphite. The resulting
particles appeared to be mostly coated.
The powders that resulted from mechanofusion processing
were very interesting, but did not satisfy the criteria laid out in
section 4.2. The agglomerates of graphite could not be broken up
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before they were mixed with the core powder. At their agglomerate
size, they could not coat core particles that met the size criteria
described in section 4.2. Also, producing only a small quantity of
coated product powder using the Mechanofusion System (AM-15F)
was very time consuming. Furthermore, the mechanofusion process
has a tendency to sphericize particles which is undesirable for this
work. Also, difficulties arise in the mechanofusion process when the
average particle diameter of the core particles is less than 10 tm .
When the PMMA with the average particle diameter of 7.6 pm was
used in the mechanofusion system, the powder escaped the
processing chamber and formed a dust cloud within the entire
laboratory. Presently, mechanofusion is also a very costly technique.
Use of the equipment is over $500/day. Under the best
circumstances, only 850 grams of coated powder could presently be
produced in one day with the Mechanofusion System (AM-15F). This
performance could probably be improved in mass production, but it
is not a worthwhile venture given the difficulties that presently arise
when working with powders less than 10 gm, which are the powders
of most interest in this work.
5.5.3 HybridizationT M
Hybridization (trademark) is a means of coating existing
powders with other smaller powders. It has been developed at the
Bepex Corporation and is a competing technique with mechanofusion.
Hybridization is based on the premise that when two powders of
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dissimilar size are mixed, interparticulate forces cause the finer
particles to adhere to the coarser ones. The finer particles are
embedded into the surfaces of the coarser ones. The fine particles
should be no more than one tenth the size of the core particle size.
Mixing ratios are determined using specific gravity and particle sizes
of fine and core particles. Hybridization is a mechanical process
where the small particle is driven into the surface of the larger
particle by impact energy.
First, the core and coating materials are mixed and dispersed to
form an "ordered mixture." The forces of primary interest are the
long range forces including van der Waals, electrostatic, and surface
adsorption bonding. When large differences in particle size exist, the
finer particles, under the influence of the interparticulate forces,
adhere to the surfaces of the larger particles. Figure 16 diagrams the
forming of an ordered mixture. Those who work with hybridization
believes that nothing more than an "ordered mixture" is achieved
during mechanofusion.
After an ordered mixture is achieved, the particles are then fed
into the hybridizer. The hybridizer disperses the particles into a
recirculating gas stream and transfers enough mechanical energy to
embed or provide a deposition of the fine particles onto the surface
of the core powder. The energy is transferred by a high speed rotor.
Figure 17 diagrams the operations required for hybridization. Both
the piece of equipment used to produce the ordered mixture and the
hybridizer are batch operations. Complete processing for one 500 g
run of core and coating powders can be accomplished in 15 minutes.
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Figure
Batch sizes processed are on the order of 500 g, and core particles as
small as 0.1 microns can be processed. The hybridization system is
more appealing than the mechanofusion system for the following
reasons:
(1) The run time is 4 to 6 times shorter.
(2) Sample quantities that are 6 times larger can be run.
(3) Hybridization can be run as a batch process.
(4) Small core powders are processable.
(5) The coating on the resulting particles is the result of the
finer particles embedding themselves into the larger particles.
There are some drawbacks and limitations to hybridization.
Sphericalization results to a certain extent with powders that are
hybridized. It is also difficult to embed fine particles onto a fibrous
or scaly core. This fact is unfortunate because the platelet and the
fiber or needle are the geometries of interest for particles that are
going to be added to foam insulation. The fine coating particles can
be of any shape. The relative hardness and electrical characteristics
of the coating and core materials must also be taken into
consideration, as well as melting point, softening point, and glass
transition temperature.
A series of tests were conducted using the hybridization
system for this work. The objective of these tests was to coat PMMA
(polymethyl methacrylate) powder, PPO (based on polyphenylene
oxide) powder, teflon powder, and polystyrene powder with graphite
particles. The records kept of hybridization processing can be found
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in Appendix C. The material safety data sheets for the powders used
during processing are found in Appendix A.
The graphite agglomerates were broken up before the
candidate core powders were added to the system. The agglomerates
ranged upwards of 5 gm in their major dimension before they were
broken up. After a good dispersion of the particles of the graphite
agglomerates was achieved, the actual resulting particles could have
been as small as 100-300 nanometers, as predicted by the Cabot
Corporation, the suppliers of the graphite particles. This enabled
surface coatings of graphite on the core particles at much lighter
loadings than the ones used during mechanofusion. The polystyrene
powder, made up of spheres approximately 20 pm in diameter, was
loaded with graphite in a ratio of 600 g to 15 g. This product was
referred to as BeT1 resultant powder in some analyses. The teflon
powder, approximately 10 gm in its major dimension, was loaded
with graphite in a ratio of 425 g to 10.6 g. This product was referred
to as BeT2 resultant powder in some analyses. The PPO powder,
approximately 30 gm in its major dimension, was loaded with
graphite in a ratio of 600 g to 12 g. This product was referred to as
BeT3 resultant powder in some analyses. The PMMA powder, made
up of spheres approximately 8 gm in diameter, was loaded with
graphite in a ratio of 106 g to 7.1 g. This product was referred to as
BeT4 resultant powder in some analyses. These four product
powders were very interesting. They came closer to meeting the
characteristics outlined in section 4.2 than any other powders
considered in this work.
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5.6 Particle Size Measurements
Gomulka [28] at Micron Powder Systems said that it is very
important to describe the measurement technique when particle
sizes are quoted, due to the discrepancies that arise between the
different particle measurement techniques. The sizes of particles
before they were processed in mechanofusion and hybridization
were estimated by the author by calibrating an optical microscope
with a stage micrometer. The author also used the transmissive
electron microscope to determine the size of sample powders
produced in this work. The resulting sizes from these two techniques
did not compare well with the particle sizes measured at Micron
Powder Systems using the granulometer and sieving techniques.
To use the granulometer, one first adds some of the powder in
question to a non-reactive fluid. The particles are then suspended in
the fluid with an ultrasonic mixer. The granulometer then emits a
lazar plane towards the particles and records where the plane has
been transmitted on the other side. It then interprets the voids in
the projected plane of light and determines a particle size
distribution.
The sieving technique is based on the use of various sieves and
a balance. A known mass of sample is strained through a sieve with
small mesh openings relative to the estimated particle size. That
which is caught in the sieve is then weighed, and this is recorded.
This is then strained through a sieve with larger mesh openings, and
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so forth until less than 1%^ by mass of the initial sample remains
caught in a sieve. This technique gives a distribution of particle
sizes. This technique is not particularly accurate for very small
particles. There exist sometimes static forces which make sieving
difficult. In this case a known mass of a known size of graphite
particles is added to the powder that is measured.
Bepex Corporation determined particle sizes of hybridized
powders by taking photographs with a scanning electron microscope.
Micron Powder Systems argued that this does not represent the
overall particle size distribution of a powder. They believe that the
sample of powder viewed under the SEM is not large enough to
represent the distribution of sizes found in a typical powder.
5.7 Resulting Micropowders of Interest
5.7.1 Existing Micropowders
Various interesting powder materials were discovered in this
work. Toners, makeup materials including synthetic pearle essence,
natural guanine, and glitter name only a few of the materials
considered in this work. Unfortunately, each of these materials was
disqualified from further consideration at some point. The toners
were made up of ceramics as well as polymers and graphite in
various, uncontrollable ratios. Mica platelets formed the core of the
synthetic pearle essence products. The characteristic thermal
conductivity of the mica is on the order of that for ceramics and glass
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which is an order of magnitude larger than that of the solid polymer
of foam. Guanine is available in limited quantities and prohibitively
expensive. The glitter was much too large and expensive for serious
consideration. These findings have lead to the need for the author to
produce powders with the desired characteristics (See section 4.2).
5.7.2 Micropowders Processed for this Work
The most interesting materials found in this work were those
that were specifically produced for this work. They came the closest
to having the characteristics prescribed by section 4.2 (See table 1
for an outline of some of the characteristics). Of those, the ones
produced during hybridization were the only ones interesting enough
to warrant the timely analysis involved in quantifying their radiative
properties. The next chapter describes the radiative analyses
performed on these materials.
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6. Radiation Experimentation and
Techniques
The objective of this project is to improve the thermal
performance of foam insulation through the addition of
micropowders. The goal is to increase the extinction coefficient of
the foam while reducing its overall effective conductivity. In order
to pursue this goal, one must be able to quantify the increase in
extinction coefficient due to the addition of micropowders. This can
be done by analytically predicting and experimentally varifying the
effects of the micropowders. This chapter describes the techniques
used to experimentally quantify the radiative properties of the
powders that were added to polyurethane foam insulation. The
powders added were those processed through hybridization. The
techniques that were used to analyze the resulting foams are also
described in this chapter.
The description of a FTIR technique which qualitatively
measures the radiative properties of powders begins the chapter.
Some powders, such as the synthetic pearle essence products and
various silicas, were of some interest, but they were not as promising
as the hybridized powders. Figures 12 and 13 are qualitative
transmission analyses of natural guanine and synthetic pearle
essence respectively.
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6.1 FTIR Analyses on Resulting Micropowders
6.1.1 Qualitative Diffuse Reflectance Analyses
The diffuse reflectance technique is a qualitative method of
using the Fourier transform infrared spectrometer. It is often used
by material scientists to determine the wavenumber locations of
peak and minimum infrared transmission through their samples.
The location of peak maxima and minima is characteristic of
particular molecular compositions. Therefore, from transmissivity
curves, material scientists can determine the composition of their
test samples. The diffuse reflectance method is used as an
identification technique.
Diffuse reflectance analysis uses the drift cell sample holder. A
background is prepared by taking some dried KBr powder and
grinding it with an agate mortar and pestle. A sample pan is filled
with the KBr and then placed in the drift cell. The sample chamber is
sealed and purged in a similar manner as that described in section
5.3. Instead of transmitting through the sample as in transmission
analyses, the beam reflects off of the top surface of the sample
within the pan. It penetrates no more than 5-7 jLrm into the sample.
The diffusely reflected beam is then collected by the detector. For
the background, the diffuse reflection data is converted to intensity
data using various algorithms including the Kubelka-Munk
transmittance algorithm and saved.
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Sample preparation includes mixing a small amount of sample
powder with KBr in a volume ratio of approximately 1%. The
mixture is then ground using a non-reactive, agate mortar and pestle.
A small sample pan is filled with the mixture. The pan is placed into
the drift cell sample holder. The beam reflects off of the top surface
of the sample. The diffuse reflection information is then converted
into a transmissivity plot. Unfortunately, the resulting
transmissivity data is only about 85% accurate on an absolute scale
when it has been converted from reflectance data. This is sufficient
for material scientists who are only interested in the characteristic
shape of the curve, and not in its absolute magnitude.
Though this technique is not particularly useful in terms of
quantitatively relating the volume of sample to the observed average
transmissivity, it is useful when determining over which
wavenumber regions the infrared intensity has been blocked out.
The technique takes very little preparation compared to quantitative
FTIR powder techniques. It was therefore a useful technique in
determining which powders would be of interest in this work.
Figures 12 and 13 show the results of some diffuse reflectance tests.
Natural guanine is shown to be somewhat opaque to radiative
transfer over the wavelength region of interest in figure 12. Natural
guanine was interesting in terms of its radiative properties, but it
was dismissed from serious consideration for other reasons discussed
earlier. Synthetic pearle essence, in figure 13, is shown to be
transmissive over the wavenumber region of interest, and therefore
was dismissed as a powder that should be added to foam.
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6.1.2 Quantitative Pellet Analyses
As radiant energy propagates through the foam, the
attenuation of this energy within the cell walls is proportional to the
projected cross sectional area of the opaque particles perpendicular
to the direction of propagation. The FTIR pellet technique tries to
simulate the effect that particles will have when they are added to
the cell membranes. This technique is used to determine a
quantitative estimate on the amount of opaque particulate material
needed to increase the extinction coefficient of a cell wall.
Dry potassium bromide (KBr) powder is crushed into a fine
powder with a mortar and pestle. KBr is again used because it is
generally non-reactive, and it is transparent to infrared energy.
Hence, the exclusive effect of the particles suspended within the KBr
can be evaluated. The sample powder is then mixed with the KBr in
a mass ratio of powder to KBr-powder mixture of approximately
0.5%. A Mettler balance was used to weigh out samples. The
mixture is stirred until an even distribution is achieved. The mixture
is then poured into a pellet press from Spectratech (Refer to the
diagram of figure 18).
The pellet device consists of a stainless steel barrel with with a
threaded hole through the center. Two bolts can be screwed in from
both ends of the barrel. Each of the bolts has a highly polished
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surface on the top of its screw thread. One of the bolts is then
screwed into the barrel. The KBr/sample mixture is then poured
onto the head of the bolt through the other threaded opening of the
press. The barrel is lightly tapped until the mixture is evenly
distributed over the face of the highly polished bolt surface. The
second bolt is then screwed into the other end of the barrel. The
author found that this technique worked better when one particular
bolt was used as the first, and the other was consistently used as the
second. The highly polished surfaces are moved closer and closer
together by tightening the two bolts. The bolts are tightened until
the powder is compressed between the polished surfaces of both
bolts. A torque wrench is then used to tighten the second bolt to 450
inch-pounds for 30 seconds. After the KBr/sample mixture is
compressed, one bolt is removed from the barrel. The other is used
to push the resulting pellet out of the barrel. This pellet is then
placed on a sample holder. The FTIR beam passes through the
sample, and the transmission through it is studied. The result is
compared to a background of a KBr pellet which has been similarly
processed, but without sample powder added. The sample
transmission that is read is therefore only due to the effects of the
sample powder because the effects of the KBr have been negated.
Basic information about the FTIR necessary for testing is listed in
section 5.3.
The behavior of the sample particles in this thin KBr pellet is
used to predict the effect of the particles in the foam cell walls. The
extinction coefficient can be varied by changing the relative percent
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by volume of sample to KBr. Though the pellets are thicker than the
cell walls, they are still helpful in giving an estimate of what
percentage of sample is necessary to increase the opacity of the cell
wall.
To determine the extinction coefficient, pellets' thicknesses are
plotted against the negative natural log of their average
transmissivity [See equation (3.3)]. The slope of the resulting plot is
the extinction coefficient. The average transmissivity can be
determined using the integrate command described in section 5.3.
Each extinction coefficient is determined for a different loading by
volume of the sample powder. Different sample loadings can be
analyzed on the same graph by weighting the measured thicknesses
of the pellets based on their loading. For instance, a pellet with a
loading of sample powder by mass of 2% can be compared to that
with a sample loading by mass of 1 %. When making a plot for 1% by
mass sample pellets, the average transmissivity data of the 2% by
mass sample pellets can be included during the analysis by doubling
the value of the thickness for the pellets. Chapter 7 will compare the
results of the experimental analysis to the prediction of the
extinction coefficient given by equation (3.3).
6.2 Microtome Saw
As described in section, 5.2, the isomet saw is commonly used
for cutting foam samples. These foam samples are then studied for
their radiative properties. Unfortunately, the surface of the samples
106
is usually deposited with layers of broken cell walls when this
cutting technique is used. Therefore, in this project a 2800 Frigo Cut
Microtome tissue saw was used to cut samples for the SEM and FTIR.
Cylindrical cores were prepared in the manner described in section
5.2. The cores were then cut with very sharp razor blades to shorter
lengths that could be used on the microtome sample stage. They
were attached to the sample stage using Tissue-tek embedding
medium for frozen tissue specimens. The box temperature was kept
at -23 C and the sample stage, called the object, was kept at -13 C for
best cutting results. The resulting cuts of foam had relatively clean
surfaces without much residue from broken cell walls. These foam
slices were used both for cell size measurements and for FTIR
analyses.
6.3 FTIR Analyses on Resulting Foams
The extinction coefficient of foams with micropowders added
was determined. Transmissivity data was taken according to the
technique described in section 5.3. A background of air was taken,
the transmission through foam slice samples was measured against
it. The foam was sliced using the microtome saw. The average
transmissivity of samples was found using the integrate command.
The natural log of the average transmissivity was plotted against the
thickness of the corresponding foam slice. The resulting slope was
the extinction coefficient. Among the foams analyzed, two "control"
foam without powders were tested. This allowed a comparison to
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measure the change in extinction coefficient observed because of the
addition of micropowders. The results of these analyses will be
discussed in chapter 7.
6.4 Foam Slice Sample Thickness Measurements
The thickness of foam slice samples needed to be determined
after they were cut with the microtome and analyzed with the FTIR.
The thickness of samples is taken after FTIR analysis is completed
since the measurement could affect the transmission by disturbing
some of the partially broken surface cells. A Starrett paper
micrometer was used to measure the thickness of samples. A paper
micrometer has the same features as a regular micrometer, but the
paper micrometer has two flat, relatively large measuring surfaces
attached, the bottom one is allowed to swivel. These features
minimize the local compression of the foam, and thus
underestimation in foam slice thickness.
The foam slice is positioned so that the thickness
is measured where the transmission measurement was
measurements are then taken according to the
determined by Shuetz [10], see figure 19. First, the
closed until the sample offers resistance to side to side
is what Shuetz refers to as the "touch" measurement.
side motion is then stopped and the micrometer is
minimize any
of the sample
made. Two
methodology
micrometer is
motion. This
The side to
closed further
until resistance is felt which opposes further turning of the thimble.
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Figure 19 Illustration of the Use of a Starrett Paper Micrometer [10]
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This is referred to as the "firm" measurement. The average of the
two measurements is taken as the sample thickness.
6.5 Cell Diameter Measurements
The final procedure to be performed on the foam slices was the
determination of mean cell diameter. Because of the late date at
which the final foams were returned from Mobay Corporation, this
could not be done for all of the foams received. The two foams for
which Mobay measured the greatest improvement of overall
effective conductivity were analyzed as well as the control foam.
The analysis of cell size was done primarily to see what increase in
the extinction coefficient should be attributed to decrease in cell
diameter. Previous research has shown that the inclusion of particles
during foaming increases the number of cell nucleation sites which in
turn leads to a reduction in cell diameter. Equations (2.10) and
(2.11) express the dependence the extinction coefficient has on cell
size.
An Amray AMR1000 scanning electron microscope was used to
view the cell size of the three different foams. Four samples were
chosen from each of the foams for viewing. Two of the samples were
those used during FTIR analysis. These samples are parallel to the
plane of the top surface of the foam. If there were facer on the foam,
these samples would be called parallel to the facer. One more sample
in this direction was cut with a new razor blade from a foam core.
This was just a backup sample in case the surface left by the
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microtome was messy. Fortunately, the microtome cuts were very
clean, and this backup sample did not need to be considered. Then a
sample was cut from a foam core perpendicular to the plane of the
top surface of the foam, ie., the facer plane. Samples were viewed in
both of these orientations to determine if the foam cells experienced
elongation in a particular direction
Before the samples could be viewed under the SEM, they were
coated with gold using a sputtering machine. The gold coated
samples were then placed into the SEM specimen chamber, and the
chamber was brought to a vacuum. A beam of electrons is focused
by electromagnetic lenses onto the sample and scans a small area.
The gold coating reflects the electrons off the exposed surface of the
sample, and they are attracted to a collector. Only the top two layers
of cells of the sample can be viewed by this technique.
As the samples were viewed, photographs were taken so the
cell sizes could be analyzed. A series of random lines of known
length were superimposed upon the pictures. The number of
intersections of each line with a cell wall was counted and the
average distance, <1 >, between intersections of cell walls with the line
was calculated. This technique is based on the work of Underwood
[29] and its application for foams is more fully discussed by Page
[22]. The technique assumes that the cell wall thickness is negligible
compared to the cell dimensions, but is can otherwise be adjusted for
any geometry. Since the foams studied were anisotropic, <1 > needed
to be adjusted to account for the elongation of cells. The overall <1 >
used to determine a value for a modelled cell diameter is defined in
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the following statements. "Perp" refers to the measurements taken
from the cell sizes viewed in a plane perpendicular to that of a facer,
and "parallel" refers to the measurements taken in a plane parallel to
that of a facer.
1(6.1) NL
(6.2) NL = 0.785 NLperp + 0.215 NLparallel
1(6.3) NLperp = <1 perp>
(6.4) NLparallel =
The average
be given as
(6.5)
parallel
diameter of a foam cell modelled as a sphere can then
dsphere = 1.5 <1 >.
6.6 Effective Conductivity of Resulting Foam
Mobay tested the effective thermal conductivity of the foams
to which powders were added and also that of an unloaded control
foam. They used an Anacon Model 88 Thermal Conductivity
Analyzer. This is supposed to give readings of the effective
conductivity for samples that are 8 inches square by 1 or more
inches thick within 3% accuracy. The overall, effective thermal
conductivities of the foams should be checked using another rig.
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7. Results of Analyses on Coated
Micropowders
7.1 Resulting Micropowders
The coated micropowders that came closest to having the
characteristics described in section 4.2 were those that were coated
with graphite using the hybridization and mechanofusion techniques.
The powders resulting from the hybridization coating processes were
the only ones available in large enough sample quantities so that
radiative properties could be tested.
7.2 K for Pellets with Coated Micropowders
There were four different powders that were analyzed using
the FTIR pellet technique. These four powders were polymer
micropowders that were coated with graphite particles through the
hybridization process. The four powders are listed with their
properties in table 1.
The results of the FTIR spectrometer analyses of sample/KBr
pellets (technique described in section 6.1.2) for each of the coated
micropowders of interest are listed in table 2. The transmissivity
data for each pellet was converted into an average transmissivity
using the integrate command on the FTIR (this command is described
in section 5.3). After the average transmissivities of the pellets were
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Type of Core Powder
Bepex TI: Nylon
Bepex T2: Teflon
Bepex T3: PPO
Bepex T4: PMMA
*All particles are coated with
**Particle size was found with
Bepex Ti: Nylon
Bepex T2: Teflon
Bepex T3: PPO
Bepex T4: PMMA
Paricle Geometry
spherical
amorphous spherical
amorphous spherical
spherical
graphite ( 1.8 g/cm3).
SEM analysis.
Mass of Coated powder to KBr
0.5%
0.5%
0.5%
0.5%
Ave. Core Particle Size* Core powder density Core: Graphite Coating* Resulting Powder Density
(microns)
20
10
30
8
(g/cm3)
1.16
2.2
1.075
1.16
(Mass Loading Ratio)
600 9 : 15 9
425 g 10.6 g
600 g 12 g
106 g 7.1 g
Predicted K improve in-1 erimental Kimprove in
17.1 13.9
18.7 16.2
14.9 13.9
47.8 38.0
Table 1 Properties of Hybridized Powders
(g/cm3)
1.17
2.16
1.08
1.19
Type of Core Powder* Ave. Particle Size
(microns)
Powder Density
(g/cm3)
% Mass Occupied
By Powder
% Volume Occupied
By Powder
BeT1: Nylon 20
BeT2: Teflon 10
BeT3: PPO 30
BeT4: PMMA 8
*All particles are coated with graphite ( 1.8 g/cm3).
KBr density is 2.116 g/cm3
Table 2 Results of KBr Pellet Analyses of Hybridized Powders
1.17
2.16
1.08
1.19
0.50
0.50
0.50
0.50
0.90
0.49
0.98
0.89
Type of Core Powder*
BeT1:
BeT2:
BeT3:
BeT4:
Nylon
Teflon
PPO
PMMA
*All particles are coated
KBr density is 2.116 g
Predicted K Improvement Experimental K improvement "Effective" Particle Size
(inch-1) (inch-1) (microns)
17.1
18.7
12.4
42.4
13.9
16.2
13.9
38.0
24.6
11.5
26.8
, 8.9
with graphite ( 1.8 g/cm3).
/cm3
Table 2 Results of KBr Pellet
(Continued)
Analyses of Hybridized Powders
determined, the thicknesses of the pellets were measured. The
natural log of the average transmissivities of the pellets for each
micropowder were plotted against the pellets' thicknesses for a
particular percent mass loading (These plots can be found in
Appendix D). The data was then fit with a line that passed through
the origin. The resulting slopes of these lines are the experimental
values for the extinction coefficient for a particular mass loading (see
table 2). These values represent the extinction coefficients due to
the powders after the effects of the KBr have been subtracted out.
They are found in the column titled, "Experimental K Improvement."
These values can be compared with the prediction for the
extinction coefficient developed in section 3.3.1. Equation (3.4) gives
an expression for the expected extinction coefficient for convex
particles randomly oriented in a medium.
(3.4) Kp= Ap 1 Ap Vp4VT 4 VP [
This expression has been evaluated for each of the coated
micropowders analyzed using the FTIR pellet technique. The results
are found in table 2 under the heading "Predicted K Improvement."
This refers to the fact that only the K for the particular volume
loading of particles is predicted. These values agree reasonable well
with the "Experimental K Improvement." The worst agreement is for
powder BeT1, where the predicted extinction coefficient overpredicts
the experimental by 23%. The "best" agreement is for the BeT3,
where the predicted value underpredicts the experimental by 12.1%.
These results allow for some confidence in equation (3.4) as a means
of predicting the extinction coefficient for the addition of powders.
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Equation (3.4) reveals that the smaller the particle, the better the
improvement due to a powder will be. This fact, along with the KBr
pellet analyses, indicates that pursuing smaller coated micropowders
would be worthwhile. It should also be pointed out at this time that
equation (3.4) has been developed for opaque particles; it is
questionable whether the coated micropowders are completely
opaque. One can determine an "effective particle diameter" by using
the experimental value found for the extinction coefficient for a
known volume loading of sample to KBr for Kp in equation (3.4), and
then solving for [ ]i. As shown in section 3.3.1, this ratio can be
replaced with [ ], where d is the average diameter for spherical
powders. The resulting effective particle diameters are listed in
table 2. These were used in equation (3.5) when predicting the
extinction coefficient improvement in foams due to the addition of
powders.
7.3 K for Foams with Coated Micropowders
To calculate an extinction coefficient for powder-filled foam,
the particle loading must be on a percent volume basis. Refer to
table 2 for the % volume loadings within the KBr pellets. The density
of KBr and each of the micropowders must be known to convert from
percent mass to percent volume. The densities of the coated
micropowders were calculated using a weighted sum of the density
of the core powder and the graphite coating material. These
densities were weighted according to the mass of graphite used to
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coat a particular mass of core micropowder; the result is Ppowder. The
percent volume value of coated micropowder to KBr in the pellets is
obtained by multiplying the percent mass of the powder to
KBr/powder mixture by the ratio of the densities, PKBr to Ppowder.
In order to reduce the total conductivity of the foam by 12.5 %
(assuming that radiative transfer accounts for 25% of the overall heat
transfer through the foam), the extinction coefficient must be
doubled. Values for extinction coefficients for typical polyurethane
closed cell foams range between 55 and 130 inch- 1. Hence, the
increase in extinction coefficient by including powders needs to be
between 27.5 - 65 inch- 1 . As seen in table 2, the extinction
coefficient of the control foam (without powders added) for this
particular set of experiments was 89.6 inches- 1. To reduce the
overall heat transfer through the foam by 12.5% would require that
the addition of powder increase the extinction coefficient by 45
inches- 1.
Using equation (3.5), and the "effective" diameters of the
coated micropowders in table 2, the expected increase in extinction
coefficient of foams due to the addition of micropowders can be
predicted.
(3.5) Kp = (1 - fs)(1 - ) ] P ] .
In the predicted values of extinction coefficient for the foams, (1 - fs)
was taken taken as one; this assumes that all of the particles were
found in the cell walls and did not accumulate in the struts. Given
the large particle sizes, this is probably not a reasonable assumption
since the particles are much larger than the struts. The volume
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fraction of the foam was estimated as 3%. Using an equation used by
Schuetz [10], and the resulting values of the densities for the foams
in question, this value for the volume fraction is reasonable.
Unfortunately, there is a limit as to how much powder can be
added to foam. As powders are added, the viscosity increases
rapidly. The largest mass loading of powders that could be added to
the foam was 16%. The viscosities are listed in the Mobay data listed
in Appendix E.
The values of the predicted extinction coefficient improvement
and the actual experimental improvement by the powders for foams
are listed in table 3. The experimental improvement values are
evaluated as the difference between the powdered foam extinction
coefficients and the control. The total extinction coefficients of the
powdered foams are also listed. The largest increase in extinction
coefficient for the powdered foams was 38.3 inches-1 in the foam
loaded with 8% by mass of BeT3 powder. A 5% reduction in the
effective conductivity of this foam as compared to the control was
observed. The values measured by the k-factor unit used should be
within 3% accuracy, so the improvement observed is greater than the
instrument noise. A greater improvement than this was probably
not incurred because the other properties of the foam probably
changed, such as the percent of broken cells. When cutting the
powdered foams during preparation of FTIR samples, they seemed to
have more voids than the control foam and typical foams. In the
case of BeT2, the powder reacted very poorly to the foam, and open
cells resulted. The effective conductivity of the foam was increased.
119
Type of Core Powder*
BeTi: Nylon
BeT2: Teflon
BeT3: PPO
8eT4: PMMA
Control: No Powder
Ave. Particle Size
(microns)
Effective Particle Size
(microns)
24.6
11.5
26.8
8.9
Powder Density % Mass of Powder
(g/cm3) in PU
1.17
2.16
1.08
1.19
7.4
8.0
13.8
16.0
7.4
8.0
13.8
16.0
8.0
16.0
10.0
% Volume of Powder
in PU
7.8
8.5
14.5
16.8
4.4
4.8
8.4
9.9
9.2
18.2
10.4
'All particles are coated with graphite ( 1.8 g/cm3).
Solid foam polymer (1.242 g/cm3).
Table 3 Results of Extinction Coefficient Analyses for Foams with
Hybridized Powders
Foam Density
(lb s/ft3)
2.15
2.19
2.36
2.42
2.01
2.07
2.20
2.28
2.31
2.51
2.08
Type of Core Powder Predicted K Powder improvement Experimental K improvement Experimental K
(Using eff. part. size) (in-1) (inch-1) (inch-1)
BeT1: Nylon
BeT2: Teflon
BeT3: PPO
BeT4: PMMA
Control: No Powder
3.6
3.9
6.7
7.8
4.4
4.8
8.3
9.8
3.9
7.8
12.8
12.0
13.1
25.1
23.7
20.0
14.8
12.9
28.6
38.3
32.0
7.0
101.6
102.7
114.7
113.3
109.6
104.4
102.4
118.2
127.9
121.7
96.6
89.6
Cell Size- diameter Predicted K Cell Size improve Overall Thermal Conductivity
(microns) (inch-1) (BTU-in/hr-ft2-F)
217.4
186.6
248.0
11.13
.121
.114
.122
.116
.227
.222
.223
.217
.114
.113
.121
.120
32.3
'All particles are coated w/ graphite (1.8 g/cm3).
Solid foan- polymer (1.242 g/cm3).
Table 3 Results of Extinction Coefficient Analyses for Foams with
Hybridized Powders (Continued)
However, the extinction coefficient as compared to the control was
still improved.
The experimental improvements in the extinction coefficients
are significantly larger than those predicted for the addition of
powders (table 3). The cell sizes of the two foam samples with the
largest measured improvements in extinction coefficient as well as
the control foam were measured using the technique described in
section 6.5. The extinction coefficient can be related to the mean cell
diameter as shown in equation (2.11).
(2.11) K = 3.29 d + 263 pf .
Previous experiments have shown that a smaller cell size typically
results when powders are added [2]. It is believed that the particles
tend to create more cell nucleation sites, and thus decrease the
average cell diameter. The extinction coefficients based on cell
diameter were determined for the 8% mass loading of BeTl, the 16%
mass loading of BeT3, and the control. The values for foam density
in equation (2.11) were determined by Mobay. The extinction
coefficient based on cell diameter of the control foam was subtracted
from those of the powdered foams. The resulting differences are
listed in table 3 under "Predicted K Cell Size Improvement." These
values represent the improvement in extinction coefficient for the
powdered foams due to their decrease in cell size. These results
indicate that the majority of the improvement in extinction
coefficient can be attributed to the reduction of cell size for the
powdered foams.
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The improvements achieved in the extinction coefficient and
the effective conductivity of powdered foam indicate successful
results to this work, though they were not improved significantly by
the means set forth. There is indication by the correlation between
predicted and experimental results in the pellet tests that smaller
particle sizes will improve the extinction coefficient by making the
cell walls more opaque. Further searches and production of coated
micropowders should be pursued. The powders used in this work,
especially BeT1 and BeT3, merit further analysis as well.
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8. Conclusions and Recommendations
8.1 Conclusions
Reasonable agreement was achieved between the predicted
extinction coefficients and those experimentally derived during FTIR
pellet analyses. The experimental results of the extinction coefficient
analyses for the coated micropowders correlate well with predicted
effects for a particular volume loading of a particular particle size.
This means that the assumptions made during the development of
the prediction were reasonable. The powders can therefore be
considered as black bodies which are opaque to thermal radiation.
The coatings achieved on the powders were typically on the order of
0.1 gm, which was found to be a thermally opaque layer earlier in
this work (section 5.3).
The experimental results of analyses on the powdered foams
correlate well with predicted effects on the extinction coefficient for
a particular volume loading. The effects of decreased cell size also
need to be taken into consideration The theoretical prediction of the
extinction coefficient for powdered foams assumed that most of the
micropowders were not located in the already opaque struts. The
experimental extinction coefficient results correlate so well with the
predicted values that this assumption should be taken as valid. It
should also be noted that the control foam in this study was
relatively high density with small cell size so the effects of the
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powders were not as dramatic as they might appear for a foam with
larger cells and lower density.
The powders that were used in this work were larger than
what theory recommends (section 4.2). However, the experimental
results of analyses of these powders correlate well with theoretical
predictions. The author is therefore optimistic that the predictions
made for smaller powders will correlate well with future
experimental analyses. Including smaller powders in foams will lead
to significant improvements in their extinction coefficients and
overall thermal conductivities. Smaller powders should yield
significantly larger improvements than did the powders used in this
study. For an opaque powder that is platelet in geometry with a
thickness of 1/4 gm, a volume loading of 5% should increase the
extinction coefficient of polyurethane foam by 76 in- 1. This assumes
that the particles do not gather in the struts and that the volume
fraction of the foam occupied by the polymer is 3%. For a typical low
density foam with an extinction coefficient in the range of 55-70 in- 1,
this reduces the radiative transfer by more than 50%. The overall
heat transfer in such a case would be reduced by at least 12.5%.
8.2 Recommendations
Because of the results of the analyses of this work, it seems
worthwhile to search for small, thermally opaque micropowders.
Finding and making heterogeneous polymer-core, opaque-coating
powders has been difficult, especially in the micron and submicron
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size range. With the results of the hybridized powders, however, the
production of coated micropowders of a micron and submicron size
range seems to be within foreseeable grasp. At that time, these
powders can be included in foam production with little change to the
present production process. Use of this process in foam production
could be an economically feasible and timely solution to the use of
environmentally suitable, but higher-conductivity blowing agents.
Some materials that were unveiled in this work warrant more
quantitative analyses. These materials include natural guanine and
toners. In addition, further analyses of the powders used in this
work, especially BeT1 and BeT3, should be pursued.
125
References
[1] Glicksman, L. R., Class Notes titled "Heat Transfer," from a
Course on Energy in Buildings, MIT, Fall 1989.
[2] Torpey, M. R., "A Study of Radiative Heat Transfer Through
Foam Insulation," M.S. Thesis, Department of Mechanical
Engineering, Massachusetts Institute of Technology, 1987.
[3] American Society of Heating, Refrigerating, and Air
Conditioning Engineers, ASHRAE Handbook, Fundamentals Volume, I-
E Edition, Atlanta, Georgia, 1989, pp. 2 2 .6 -2 2 .7 .
[4] Brown, M. W., "In Protecting the Atmosphere, Choices are
Costly and Complex," The New York Times, Science Times, New York,
March 7, 1989, pp. Cl, C13.
[5] Glicksman, L. R., "Methods to Enhance the Insulating Value
of Closed-Cell Foam," Massachusetts Institute of Technology, 1988.
[6] Glicksman, L. R., "Proposal for the Investigation of the
Substitution of Environmentally Acceptable Blowing Agents in Foam
Insulation: The Use of Small Cell Size in Foams to Achieve Equivalent
of Improved Energy Efficiency,"p. 15, Proposal to the U.S.
Environmental Protection Agency, Washington D.C., March 1988.
[7] Doherty, D. J., Hurd, R., Lester, G. R., "The Physical Properties
of Rigid Polyurethane Foams," Chemistry and Industry, July 28,1962,
pp. 1340-1356.
[8] Norton, F. J., "Thermal Conductivity and Life of Polymer
Foams," Journal of Cellular Plastics, January 1967, p. 24.
126
[9] Skochdopole, R. E., "The Thermal Conductivity of Foamed
Plastics," Chemical Engineering Progress, No. 57, 1961.
[10] Schuetz, M. A., "Heat Transfer in Foam Insulation," M.S.
Thesis, Department of Mechanical Engineering, Massachusetts
Institute of Technology, 1982.
[11] Williams, R. J. J., Aldao, C. M., "Thermal Conductivity of
Plastic Foams," Polymer Engineering and Science, Vol. 23, No. 6, pp.
293-298, April 1983.
[12] Mozgowiec, M. D., "The Use of Small Cells to Reduce
Radiation Heat Transfer in Foam Insulation," M.S. Thesis, Department
of Mechanical Engineering, Massachusetts Institute of Technology,
1990.
[13] Gluck, D. G., Soukup, T. G., Moore, W. J., "Carbon Black-
Filled Foam," U. S. Patent No. 4,795,763, January 3, 1989.
[14] Burke, M. S., "Insulation Based on Silica Powder Vacuum-
Packed in Thin Glass," M.S. Thesis, Department of Mechanical
Engineering, Massachusetts Institute of Technology, 1990.
[15] Reitz, D. W., "A Basic Study of Gas Diffusion in Foam
Insulation," M.S. Thesis, Department of Mechanical Engineering,
Massachusetts Institute of Technology, 1983.
[16] Siegel, R., and Howell, J. R., Thermal Radiation Heat
Transfer, Hemisphere Publishing Corporation, New York, 1981.
[17] Hottel, H. C., and Sarofim, A. F., Radiative Transfer,
McGraw-Hill Publishing, New York, 1967.
127
[18] Gelperin, N. I., and Einstein, V. G., "Heat Transfer in
Fluidized Beds," Fluidization, Chapter 10, Academic Press, New York,
New York, 1971, pp. 471-540.
[19] Bhattacharjee, D., Personal Communications, Dow Chemical
U.S.A., Freeport, Texas, 1990.
[20] Dickenson, K., Personal Communications, Hitachi Metals
International, Purchase, New York, 1990.
[21] Brown, S., Personal Communications, Massachusetts
Institute of Technology, Cambridge, Massachusetts, 1989.
[22] Page, M. C., "Effects of Alternate Blowing Agents on the
Aging of Closed-Cell Foam Insulation," M.S. Thesis, Department of
Mechanical Engineering, Massachusetts Institute of Technology, 1991.
[23] Brady and Clausier, Materials Handbook, 12th Edition,
Volume 1.
[24] Naito, M., and Yoshikawa, M., Hosokawa Micron
Corporation, "Applications of Mechanofusion System for the
Production of Superconductive Oxides," Kona: Powder Science and
Technology in Japan, No. 7 , Published by the Party of Powder
Technology, Japan , 1989.
[25] Mikropul, Hosokawa Micron International Inc., "Hosokawa
Micron Mechanofusion System and Ang Mill System: Principle,
Operation, and Application," Summit, New Jersey, 1990.
[26] Alonso, M., Sahto, M., and Miyanami, K., "Mechanism of the
Combined Coating - Mechanofusion Processing of Powders,"Summit,
New Jersey, 1990.
128
[27] Imholte, R., Bepex Corporation, "Powder Surtace
Modification," Minneapolis, MN, 1990.
[28] Gomulka, D., Personal Communications, Micron Powder
Systems, Summit, New Jersey, 1990.
[29] Underwood, E. E., Ouantitative Stereology, Addison-Wesley
Publishing Co., Reading, MA, 1970.
129
Appendix A: Material Safety Data and Information Sheets
for Materials used to Produce Coated Micropowders
1. SGP-70C - Crosslinked Polystyrene p. 131
2. Teflon Fluoroadditive p. 134
3. PPO - Polyphenylene Oxide p. 140
4. PMMA - Polymethyl methacrylate p. 142
5. Graphite p. 145
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Nachem, Incorporated
iR-.)ODUCf7T IVIC)JI ORMA T N C)IV
SGP- 70 C
I.Physical Properties
Appearance
Composition
Particle size (,im)
GI
Wa
Bu
De
pH
White powder
Crosslinked Polystyren
10-30
leculer weigt (Mw) -
ass transition temperature( ',) -
ter content(%) Less than 3
1k density(g/ml) 0.35-0.55
nsity (g/ml) 1.16
6-8
2 Scanning Electron Microscope photography
Soken Chemical & Engineering Co.,Ltd.
New Business Development Department New Materials Group
Head Office 29-5,Takada 3-Chome,Toshima-kuTokyo,Japan
A COMPANY
25 Garden Park, Braintree, Massachusetts 02184 U S.A.
Telephone 617-848-1986 or 1-800-NACHEM-I (outside Massachusetts) . Telex 951346 Nachem Brae . Fax 617-848-7612
131
- IDENTIFI:ATION
SECTION II - HAZARDOUS INGREDIENTS
7 .
SECTION III - PHYSICAL DATA
C it ING Fo r.t F) /A
FREEZING PINT ( F .C. T !\7 0 1\1 F)
.; T I I.-TY /VOL!. (11
V 7'OR PRESSRE (-im Hg
VYPCR DENSITY (Ar .1)... N/A
' .7 1 I TY N H2 ...... . N c i~ I
C,~~~~ A R, A N K0 "*..R White pcilwd:r-
SPEIFICGRAI~'Y('-120= 1 .1
VA ATION RATE.......... N/A
T.ca.5.5 - 7.5
SECTION Iv - FIRE AND EXPLOSION HAZARD DATA
FL.AMABLE LIMTTS ........... N/A
AXTNG.JI.H MEDIA..........Water sray, C02. dry
UNUSUAL FIRE HAZARD ...... None
SECTION V - HEALTH HAZARD DATA
THRESHOLD 1...IMIT VALUE.... 10 mg/m3n (TVL powder)
OVER EXPOSURE EFFECTS .... N/.A
FIRST AID OROCEDURES..... Eves. flush with copious amounts of water Xor at lej-
15 minutes. Skin; wash affected area with soap and
water. Inhalation; remove to fresh air. Ingestion:
contact a physician immediately.
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(ir '
1.j, -It --' .
I ~.'i1-
chemi cal
j.
..... ..
.. ... ...
A
MAT ERi... SAFETY DATA SHEET
- REACTIVITY DATA
C " TO AVOID....
N. MATER IALS.
DE COM DS I.T I ON PRODUJCT.S. . .
HAZA~DCU'3 DOL 01YMERI.ZATIr-N.
POLv/sWER.ITION AVOID.. -.
Will r:.r: cc
Nor;e
SECTION VII - SPILL OR LEAK PROCEDURE
FOR EIT.. , ... . .. . ... .
NIAS"N. DISPOSAL MET14D...
S4eep up anc' pl. ace in containers suitab~e for
disoosal. Veta t are~a and wash 1nil site after
mick up. Avoi d raisring dust. Wear respirator, gloves.
gggles etc.
ncaineration in accordlance with federal., state, and
loc-al regulations.
SECTION VIII - SPECIAL PROTECTION
RESPIRATORY PROTECTION,..
VENTILATION ........... ...
PROTECTIVE GLOVES ........
EYE PROTECTION...........
OTHER PROTECTIVE
EQU I PMENT ................
OSHA/NOSH approved respirator must be worn.
Use material only in a chemical fAme hood
Chemical resistant gloves must be worn
Chemi cal safety goggles must be worn
Use protective clothing to prevent personal contact.
Safety shower And eye bath must be readily available
HANDLING AND STORAGE..... Keep cnntainert, tightly closed and storaed in a dry
p-l ace.
SECTION IX - SPECIAL PRECAUTIONS
HAZARD CLASS.............
DOT SHIPPING NAME.. .....
UN NUMBER................
PACKAGING SIZE...........
F'OOT NOTES
REFERENCES
The information contained herein is based on our experience and technical data.
Considering there are many factors beyond our knowlege and control, we cannot
accept liability for any loss, injury, 'or damage resulting from reliance upon
such information.
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SECTICN VI
DU Pg 1
Material Sa'ety Data Sheet
-*-----------------------------------------------------.----
MATVRZAL ZDIBNTXZCATICON
"TETLON"1 7LUOROADDXTIVU ALL ZN SYNONY LIST TE1017
*----------------------------------------------.---..-
SDS NUMBn R TEF017
"TEFLON" is a registered trademark of Du Pont.
Revision Date : 21-sep-90
Date Printed 1 24-Sep-90
NANUFACTUR3R/DzIYtZRUTOR
DU PONT
POLYMER PRODUCTS
1007 MARET STREET
WILMINGTON, DR less
PROMS NUNBRS
PRODUCT ZNFVRXATZON 1 1-(800)441-7515
TRANSPORT DNERGNUCY 1 -(800)424-9300
KIDzCAL xnGENCY : 1-(800)441-3637
TRAD3 MANs8 / SYNONYMS
"TEFLON" IR60, MP1000, XP1100, MPi125, M1200, MP1300,
"TEFLON" NP1400, SW1500 MP1500J, T33508, T23198, TE3607, TE
"TEFLOW" T TE5750TE57503, TE5784, TE6384, TE6387, TE6388,
"TEFLON" T26389
DU PONT REGISTRY NONBER DY167-06-0
PRODUCT TYPU P
STATUS INDICATOR : P
TXCA INVENTORY STATUS * Reportod/Included
COMPONENTS
- --------------------------------
CAB rmbea
POLYTETRAFLUOROETHYLENE 9002-8- 100
PEYSICAL DATA
.melting Point s 342 dog 0 (648 deg F) (no flow)
% volatile* : NA
water solubility I Insoluble
Oder I None
Tor= 3 Powder
color . White
Specitio Gravity : 2.1-2.3
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11106 NO. TP1 rma
material safaty Data ghaet
EASARDOU8 #3ACTIVZTY
i Stable at normal temperatures and storage
conditions. Reacts with molten alkali metals and
interhalogen compounds.
incompatibility : None reasonably foreseeablo.
HAZARDOUS DECOMPOSITION PRODUCTS Above 260 degrees C
"Teflon" FPluoroadditives can evolve toxic gaseous materials
such as hydrogen fluoride and perfluorooletins. The OSHA
permissible exposure limit for NF is 3 ppm. Particulate
matter evolved from overheating may cause polymer fume faver
(see INXALATION below).
FIRE AND ZXPLWSION DATA
Flash Point : Does not flash
method s Open cup
Not a fire and explosien hasard.
"Teflon" will burn in an atmosphere of 95% oxygen when an
ignition source is present.
rTR kND E.rLOSION 1ASARDE
Hazardous gasee/vapors produced in fire are hydrogen
fluoride (HF), carbonyl fluoride, carbon monoxide and low
molecular weight fluorocarbons.
ERTINGIaBNENG LDI
Water. Foam. Dry Chemical. C02.
BP2OUAL Pin fIGETNG INBTR3dTIMf
Does not burn without an external flame. Wear
self-contained breathing apparatus and clothing to protect
from hydrogen fluoride fumes which react with water to formhydrofluoric acid. Wear neoprene gloves when handlinq
refuse from a fire involving "Teflon".
NUALTU NEJAED IN7ORXATION
Before using read "Teflon" "Safety in Handling and Use",
Bulletin E-35824-1.
ACUTE OR IMMEDIATZ EFFECTS; ROUTES OF ENTRY AND SYMPTOMS
INGESTION Not toxic.
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KIDS No. TZr017 Do wift Page
Material Safety Data Sheet
(WEALTH HAZARD INFORMATION - Continued)
SKIN Not toxiC.
EYE Mechanical Irritation.
INHAATION Inhalation of fumes from overheating or burning
"Teflon", or from smoking tobacco or cigarettes contaminated
with polymer dust, may cause polyer fume fever, a flu-like
illness with chills and fever. Bymptoms may not occur for
several hours after exposure, and go away in 24-48 hours
even in absence of treatment.
CHRONIC EFFECTS Nona known.
MEDICAL CONDTIONS AGGRAVATED BY EXPOSURE None known.
he components in this material is listed by IARC, NTP,
OSHA, or ACGIH as a carcinogen.
EIPOSURZ LIMIT8
"TEFLON" PLUOROADDITIVE ALL IN SYNONYX LIST TEF017
TLY (AOGIE) I None Established
PIL (061) Particulates Not Otherwise Regulated
15 7Mg/u3 - 8 Hr TWA - Total Dust
5 mq/m3 - H Kr TWA - Respirable Dust
OTEBR APPLICABLE UOURE LIT
POLYTETRAFLUOROETHYLZNZ
AIL * (Du Pont)$ 10 ag/m3 - 8 Kr. TWA, Total nust
5 mg/m3 - 8 Mr. TWA, Respirable Dust
TLY (ACGIU) None Established
VZL (OBEA) i None Established
* AEL is Du Pont's Acceptable Exposure Limit.
See0 AID and PROTECTION TNORMNATION SECTIONS
IRUT AID
No specific intervention is indicated as the compound is not likely to
be hazardous by Inhalation. Consult a physician if necessary. If
exposed to fumes from overheatinq or combustion, move to fresh air.
Consult a physician if symptoms persist.
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KSS No. 137017 W MT Paes A
Material Safety Data heet
(FIRT AID - Continued)
Th ound is not likely to be hazardous by skin contact, but
cleansing the skin after use is advisable. If Dolten polymer gets on
skin, cool rapidly with cold water. Do not attempt to pel polymerfrom skin. Otain medical treatment for thermal burn.
Flush eye* with plenty of water. Consult a physician if symptomspersist.
No Spcific intervention is indicated as compound is not likely to be
hazardous by ingestion. Consult physician if necessary.
PROTMOTZON INIORMATION
GUNUJALLY 1Ap1laO1ELI CONW1OL IfIASUURS AND 11201puR3
VENTILATION Use local exhaust to cou laely remove vapors
and fumes liberated during hot processing from the work
area.
OTHER Avoid contamination of cigarettes or tobacco with
polymer dust.
PERBONAL 9OTECTI33 E0UZmENT
EYE Safety glasses recommended.
SKIN Gloves and long sleeve shirt are recommended when
handling hot polymer.
RESPIRATOR Use respirator when temperature exceeds 280
deqrees C if ventilation is inadequate to maintain HF
concentration below the permissibIa exposure limit.
DIBPO8AL INIORMTION
ADATC TOXIC2TY
Not toxic.
&PILL. LEAU CR &UL21A!
NOTE: Review FIRE AND EXPLO*ION HAZARDS and SAFETY PRECAUTIONS before
proceeding with clean up. Use appropriate PERSONAL PROTECTIVE
EQUIPHENT during clean up.
sweep up to avoid slipping hasard.
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45Ds Us. T37§ei? avrM Pg
Matarial Safety Data sheet
(DISPOSAL INFORMATION - Continued)
3
' efer' ptions for disposal are (1) recycling and (2)
landfill. Incinerate only it incinerator i capable of
scrubbinq out hydrogen fluoride and other acidic combustion
products. Treatment, storage, transportation, and disposal
must be in accordance with applicable federal,
state/provincial, and local regulations.
---------------------------------------------------------
SEIPPING IFhORMATION
------ ------------ 
-- --------------
Vroper shipping Name # NA
Masar Class s Not regulated
---------------------------------------
STORAGN 0ONDZT1OX4
--------------------- W ----------ft------------
Keep containers olooed to avoid contamination.
--------M-- -------- w =f~
TITLE III HAARD CLU85ZYZCATIONS
--------------- -------------
SECTION 313 SUPPLIER NOTIFICATION
This product contains no known toxic chemicals subject to
the reporting requirements of section 313 of the Emergency
Planning and Community Right-To-Know Act of 1986 and of 40
CFR 372.
-----------------------------------
ADDITZONAL ZuIrORATZON ND RRUNCES
-------------------------------------------------
NA m Not Applicable
N2 - Not Established
STATE RIGHT-TO-KNOW LAWS
No substances on the state hazardous substances list, for
the states indicated below, are used in the manufacture of
products on this Naterial Safety Data Sheet with the
exceptions indicated. While we do not specifically analyze
these products, or the raw materials used in their
manufacture for substances on various state hazardous
substances iists, to the host of our knowledge the products
on this Haterial Safety Data Sheet contain no such
substances except for those specifically listed below:
SUSSTANCES ON THE PENNSYLVANIA HAZARDOUS SUBSTANCES LIST
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USD3 no. Twoi 7 btl 3Crl' Page
Material Saga.y Data Sheet
(ADDITIONAL INFORMATION AND REFERENCES - Continued)
PRESENT AT A CONCENTRATION OF 1% OR MORE:
Polytetrafluoroethylnoe is listed, but we believe it was
listed in error and have petitioned to have it delisted.
SUBSTANCES ON THE PENNSYLVANIA SPECIAL HAZARDOUS SUBSTANCES
LIST PRESENT AT A CONCENTRATION OF 0.01% OR MORE: None
known.
NONHAZARDOUS INGREDIZITS PRESENT AT A CONCENTRATION OF 3% OR
NORI RLQUIRED TO BE LISTED BY PENNSYLVANIA: None known.
WARNING: SUBSTANCES IOWN TO THE STATE OF CALIFORNIA TO
CAUSE CANCER: None known.
WARNING: SUBSTANCES ENOWN TO THE STATE OF CALIFORNIA TO
CAUSE BIRTW EFECTS OR OTHER REPRODUCTIVE HARM: None
known.
SUBSTANCES ON THE NEW JERSEY WORKPLACE HAZARDOUS SUDSTANCE
LIST PRESENT AT A CONCEN4TRATION OF 1% OR MORE (0.1% FOR
SUBSTANCES IDENTIFIED AS CARCINOGENS, MUTAGENS OR
TERATOGENS); None known.
~~~~~~--------------------------------
The data in this Material Safety Data Sheet relates only to the
specific uaterial designated herein and does not relate to use in
combination with any othor material or in any process.
Responsibility for 1SDS : Wayne a. Martin
PPD M5616
Wilmin on, DR 19898
302-77 -57
End of X805
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Irf., A00fo..aU.S. DEPARTMENT OF LABOR 'MS No. 4'.R1a7
Occupational Safety and Health Administration
MATERIAL SAFETY DATA SHEET
Required under USDL Safety and Health Regulations for Ship Repairing,
Shipbuilding, and Shipbreaking (29 CFR 1915, 1916. 1917)
SECTION I
MANuFACTURER'S NAME EMERGENCY TELEPHONE NO.
General. Electric Company, Noryl Products Department (518) 439-9371
AOOR ES5 (Number. Street, City. State, and ZIP Code)
Norv1 Avenue. SelkSirk. NY 12158
CHEMICAL NAME AND SYNONYMS T RADE NAME ANO SYNONYMS
I PPO 691-111
CHEMICAL FAMILV .ORMULA
Based on po yphenylene oxide Proprietary
SECTION 1I HAZARDOUS INGREDIENTS
PAINTS. PRESE R TIVES. & SOLVENTS % TLV ALLOYS AND METALLIC COATINGS % TU(Uniul) _____ s
PIGMENTS BASE METAL
CATALYST ALLOYS
VEHICLE METALLIC COATINGS
SOLVENTS FILLER METAL
sovENs_ 
_PLUS COATING OR CORE FLUX
AOOITIVES OTHERS
OTHERS
HAZARDOUS MIXTURES OF OTHER LIOUIOS, SOLIS. OR GASES Units)
SECTION III PHYSICAL DATA
SOILING POINT (*F.) N/A SPECIFIC GRAVITY ("30-11 1.05-1.10
VAPOR PRESSURE (mm Mg.) PERCENT. VOLATILNA BY VOLUME M%) .5
VAPOR DENSITY (AIRai) N/A PORATION RATl N/A
SOLUSILITY IN WATER I
APEARANCE NO0ODR Yellow-White Powder - No Odor
SECTION IV - FIRE AND EXPLOSION HAZARD DATA
FLASH POINT (Mathe. b.0) N/A FLAMMABLE LIMITS L0
ExTINGUIsHING MEOIA Water, dry chemical
SPECIAL FIRE FIGHTING PROCECURES
None
UNUSUAL FIRE ANO EXPLOSION HAZARoS
None
pA(e oil - nuCL A.'n
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SECTION V - HEALTH HAZARD DATA
SECTION V1 - REACTIVITY DATA-
Co CNOTIONs TO AVOID
STABLE X iTemperatures over TOOOF -
INCome AT AB sLITv (Aterjoah to noid)
.Soluble in acromatic or halogenated solvents
HAZARDOUS DECOMPOSITION PRODUCTS CO, CO-
CNOmToNs TO AVOID
HAZARDOUS MAY OCCUR .
POLYMERIZATION 
. .
wILL NOT OCCUR X
SSECTION VII SPILL OR LEAK PROCEDURES .
STES TO OF. TAKEN IN CAsE.MATERIAL IS RELEASED OR SPIL.ED
Material ip in powder form - sweep up.
WASTE DISPOSAL. METHOD
Normal trash.
SECTION VIII - SPECIAL PROTECTIQN INFORMATION
RESPIRATORY PROTECTION (S.'edcfy type)
LOCAL EXHAUST .specia.VENTILATIO" Fume removal during molding
MECHANICAL(Genere I OTHER
PROTECTIVE G.OVES .EYE PROTECTION
OTHER PROTECTIVE EQUIPMENT
SECTION IX . SPECIAL PRECAUTIONS.
POKcAUTaONS TO 89 TAKEN IN MANDL-ING ANO sTCAIM40
OTHER PRECAUTIONS
None
PAGE (2)
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aldrich chemical co. ===,27347
P .oox 355 Milwukee Wisconsin 53201 JSA RE o .T
ATTN: SAFETY DIRECTOR
MASS INSTITUTE OF TECHNOLOGY SAF
400 MAIN STREET ETY OFFICE
BLDG E 19/207
ATTN: SAFETY DIRECTOR
CAMBRIDGE MA 02139 DATE: 11/04/89CUST#: 321796
PO#: GFR067200
M A T E R I A L S A F E T Y D A T A S H E E T PAGE L
--- ------------- IDENTIFICATION ---------------
PRODUCT A: 18224-9 NAME: POLY(METHYL METHACRYLATE), MEDIUM MOLECU-
CAS #:9011-14-7 LAR WEIGHT
SYNONYMS
ACRONAL S 320 0 * ACRYLITE * ACRYLOID A-15 * ACRYPET * ACRYPET M 001 *
ACRYPET V * ACRYPET VH * ACRYSOL ASE * AKURIPETTO VH * ALTULOR M 70 *
A 21LV * AO 10 * CMW BONE CEMENT * CRINOTHENE * DEGALAN LP 59/03 *
DEGALAN S 85 * DELPET 50M * DELPET 60N * DELPET SON * DIAKON * DIAKON
LO 951 * DIAKON MG * DIAKON MG 101 * DISAPOL M * DV 400 * ELVACITE *
ELVACITE 2008 * ELVACITE 2009 * ELVACITE 2010 * ELVACITE 2021 *
ELVACITE 2041 * ELVACITE 6011 * ELVACITE 6012 * KALLOCRYL K *
KALLODENT 222 * KALLODENT CLEAR * KANEACE PA 20 * K 120 N * KORAD *
LPT * LPT 1 * LSO-M * LSO-M 48 * LUCITE * LUCITE 30 * LUCITE 47 *
LUCITE 120 * LUCITE 129 * LUCITE 130 * LUCITE 140 * LUCITE 147 *
LUCITE 180 * METAPLEX NO * METAPLEX 4002T * METHACRYLIC ACID METHYL
ESTER POLYMERS * METHYL METHACRYLATE HOMOPOLYMER * METHYL
METHACRYLATE POLYMER * METHYL METHACRYLATE RESIN * 2-METHYL-2-
PROPENOIC ACID METHYL ESTER HOMOPOLYMER (9CI) * MH 101-2 * 50N * SON
(POLYMER) * ORGANIC GLASS E 2 * OSTEOBOND * OSTEOBOND SURGICAL BONE
CEMENT * PALACOS * PALACOS R * PARAGLAS * PARAPET 60N * PARAPLEX P
543 * PARAPLEX P 681 * PERSPEX * PLEX 8572-F * PLEXIGLAS * PLEXIGUM M
920 * PMMA * PMMA-A * PONTALITE * REPAIRSIN * RESARIT 4000 * RHOPLEX
8 85 * RISTON * ROMACRYL * SHINKOLITE * SO 95 * SO 120 * SO 140 * SOL
* SOL 90 * SOL 95 * ST L * STELLON PINK * ST 1 (POLYMER) * SUM PEX 8-
LG * SUMIPEX B-MH * SUMIPEX-B MHO * SUMIPEX LG * SUMIPEX LO * UMIPEX
MHO * SUPERACRYL AE * SUPERACRYL 0 * SURGICAL SIMPLEX * SURGICAL
SIMPLEX P * TENSOL 7 * TOREX G * VEDRIL * VEDRIL 5 * VEORIL 8 *
------------------- TOXICITY HAZARDS
RTECS NO: TRO400000
POLYMETHYLMETHAC RYL ATE
REVIEWS, STANDARDS, AND REGULATIONS
IARC CANCER REVIEW:ANIMAL SUFFICIENT EVIDENCE IMEMOT 19,187979
IARC CANCER REVIEW:HUMAN INADEQUATE EVIDENCE IMEMOT 19,187,79
IARC CANCER REVIEW:GROUP 3 IMSUDL 7,56,87
EPA TSCA CHEMICAL INVENTORY, 1986
EPA TSCA TEST SUBMISSION (TSCATS) DATA BASE* JUNE 1989
MEETS CRITERIA FOR PROPOSED OSHA MEDICAL RECORDS RULE FEREAC 47,30420,
82
TARGET ORGAN DATA
LUNGS, THORAX OR RESPIRATION (TUMORS)
TUMORIGENIC (EQUIVOCAL TUMORIGENIC AGENT BY RTECS CRITERIA)
TUMORIGENIC (TUMORS AT SITE OF APPLICATION)
ONLY SELECTED REGISTRY OF TOXIC EFFECTS OF CHEMICAL SUBSTANCES (RTECS)
QTA IS PRESENTED HERE. SEE ACTUAL ENTRY IN RTECS FOR COMPLETE INFORMATION.
CONTINUED ON NEXT PAGE
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2-3052 A c'ricm '
aldrich chemical co.. AX
PD. Box 355 Milwaukee, Wisconsin 53201 USA
M A T E R I A L S A F E T Y D A T A S H E E T PAGE 2
CUST#: 321796
PO#: GFR067200
PRODUCT #: L8224-9 NAME : POLY(METHYL METHACRYLATE), MEDIUM MOLECU-
CAS #:9011-14-7 LAR WEIGHT
-------- HEALTH HAZARD DATA
ACUTE EFFECTS
HARMFUL IF INHALED OR SWALLOWED.
MAY CAUSE EYE IRRITATION.
MAY CAUSE SKIN IRRITATION.
CHRONIC EFFECTS
POSSIBLE CARCINOGEN.
FIRST AID
IN CASE OF CONTACT, IMMEDIATELY FLUSH EYES OR SKIN WITH COPIOUS
AMOUNTS OF WATER FOR AT LEAST 15 MINUTES WHILE REMOVING CONTAMINATED
CLOTHING AND SHOES.
ASSURE ADEQUATE FLUSHING OF THE EYES BY SEPARATING THE EYELIDS
WITH FINGERS.
IF INHALED, REMOVE TO FRESH AIR.
CALL A PHYSICIAN.
REMOVE AND WASH CONTAMINATED CLOTHING PROMPTLY.
-------------------- PHYSICAL DATA
APPEARANCE AND ODOR
WHITE CRYSTALLINE SOLID
------ FIRE AND EXPLOS.ION HAZARD DATA
AUTOIGNITION TEMPERATURE: 580 F
EXTINGUISHING MEDIA
WATER SPRAY.
CARBON DIOXIDE, DRY CHEMICAL POWDER. ALCOHOL OR POLYMER FOAM.
SPECIAL FIREFIGHTING PROCEDURES
WEAR SELF-CONTAINED BREATHING APPARATUS AND PROTECTIVE CLOTHING TO
PREVENT CONTACT WITH SKIN AND EYES.
UNUSUAL FIRE AND EXPLOSIONS HAZARDS
UNDER FIRE CONDITIONS, MATERIAL MAY DECOMPOSE
TO FORM FLAMMABLE ANO/OR EXPLOSIVE MIXTURES IN AIR.
------------ REACTIVITY DATA
INCOMPATIBILITIES
STRONG OXIDIZING AGENTS
STRONG BASES
HAZARDOUS COMBUSTION OR DECOMPOSITION PRODUCTS
TOXIC FUMES OF:
CARBON MONOXIDE. CARBON DIOXIDE
SPILL OR LEAK PROCEDURES
STEPS TO BE TAKEN IF MATERIAL IS RELEASED OR SPILLED
WEAR RESPIRATOR* CHEMICAL SAFETY GOGGLES, RUBBER BOOTS AND HEAVY
CONTINUED ON NEXT PAGE
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S:-.emists helping cr ists in researcn & rdustry
aldrich chemical co..
P 0 . Box 355. Milwaukee. Wisconsin 53201 LISA
Teleohore: (414) 273-3850
TN'J~ (%0) 262-3052 Aldrtclem M!
Teiel 26 343 Aldr~cf 
FAX 4141 273-4979
M A T E R I A L S A F E T Y O A T A S H E E T
CUST#: 321796
PO#: GFRO672OO
PRODUCT #: 18224-9
CAS #:9011-14-7
NAME : POLY(METHYL METHACRYLATE), MEDIUM MOLECU-
LAR WEIGHT
-------- SPILL OR LEAK PROCEDURES
RUBBER GLOVES.
SWEEP UPY PLACE IN A BAG AND HOLD FOR WASTE DISPOSAL.
AVOID RAISING DUST.
VENTILATE AREA AND WASH SPILL SITE AFTER MATERIAL PICKUP IS COMPLETE.
WASTE DISPOSAL M THOD
DISSOLVE OR IX THE MATERIAL WITH A COMBUSTIBLE SOLVENT AND BURN IN A
CHEMICAL INCINERATOR EQUIPPED WITH AN AFTERBURNER AND SCRUBBER.
OBSERVE ALL FEDERAL STATE* AND LOCAL LAWS.
--- PRECAUTIONS TO BE TAKEN IN HANDLING AND STORAGE --
CHEMICAL SAFETY GOGGLES.
USE PROTECTIVE CLOTHING, GLOVES AND MASK.
SAFETY SHOWER AND EYE BATH.
USE ONLY IN A CHEMICAL FUME HOOD.
DO NOT BREATHE DUST.
DO NOT GET IN EYES, ON SKIN, ON CLOTHING.
AVOID PROLONGED OR REPEATED EXPOSURE.
WASH THOROUGHLY AFTER HANDLING.
POSSIBLE CARCINOGEN.
KEEP TIGHTLY CLOSED.
STORE IN A COOL DRY PLACE.
THE ABOVE INFORMATION IS BELIEVED TO BE CORRECT BUT DOES NOT PURPORT TO BE
ALL INCLUSIVE AND SHALL BE USED ONLY AS A GUIDE. ALDRICH SHALL NOT BE HELD
LIABLE FOR ANY DAMAGE RESULTING FROM HANDLING OR FROM CONTACT WITH THE
AROVE PRODUCT. SEE REVERSE SIDE OF INVOICE OR PACKING SLIP FOR ADDITIONAL
TERMS AND CONDITIONS OF SALE.
COPYRIGHT 1989 ALDRICH CHEMICAL CO , INC.
LICENSE GRANTED TO MAKE UNLIMITED COPIES FOR INTERNAL USE ONLY.
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PAGE 3
LSE ON IDATA SEYTI CAN
M fcureE' Name: cABOT CORPCRAT!C.4
Az~ggra: 950 Winter Street, Waltham, MA 02354
oatafPlgagred HMIS Ia.InZ:
October 1, 19e7 oH
Em.rency Telephone Numbers: (508) 663-3455 (Days) OR
(304) 665-2442 (Nights & Weekends)
Chemical Name Formula Trade Names: BLACK PEARLSO ELFTEX- MOGULV Csx
Carbon black C MONARCHS REGALS STERLING* VULCAN% CRX
SECTION II - INGREDIEN4TS
ingredient CAS Registry No. Percent OSHA PEL
Carbon Black 1333-46-4 100 3.5 mg/im
D.O.T. Hazard
Non-hazardous Carbon black is listed in OSHA 29CII
Boiling Point (0F)
Vapor Pressure (ma Hg.)
Vapor Density (Air a 1)
Solui'hlity in Water
Appcanico and Odor
l..ACaH *LV
3.53 mg/la
R1910.1000,Table Z-1
SECTION III - PHYSICAL DATA
N.A.* Specific Gravity (H20 a 1)
N.A.* Percent Volatile by Volume
N.A.* Evaporation Rate
Insoluble
Amorphous black solid, no odor
1.7-1.9
(t) N.A. e
N.A.-
SECTION IV - FIRE AND EXPLOSION HAZARD DATA
Flammable Limits LZL UILFlash Point N.A.* Ignition in air above 600 OF N.A.* N.A.Extinguishing Media: Copious Water
Special Fire Fighting Procedures: Normal fog or nozzle jet application
and/or exclusion of air.
Unusual Fire and ExIlosion Hazards: Carbon monoxide and carbon dioxide are
products of combustion. Use appropriate respirator for protection
against possible exposure to CO or C02. It may not be obvious that
the carbon black is burning unless the material is stirred and *parks are
apparent.
SECTION V - HEALTH HAZARD DATA
Effects of Exposure
A. Inhalation:
Ac211: None known. Possible temporary discomfort due to inhalation
of dust concentrations above the Permissible Exposure Limit.
Chronic: Carbon black contains trace amounts of adsorbed polynuclear
aromatic compounds (PNA). In non-adsorbed form, some PNA's have been
found to be carcinogens in certain studies. No carcinogenic effect has
been found in animals or humans due to exposure to carbon black.
Carbon black is not considered a carcinogen by IARC, OSHA or NTP.
Epidemiologic studies of workers in the carbon black producing industry
in the U.S. and W. Europe show no significant health effects due to
occupational exposure to carbon black. Some studies in the USSR and
E. Europe report a high incidence of respiratory diseases, including:
bronchitis, pneumoconiosis, emphysema and rhinitis. These studies are
of questionable validity due to poor design and methodology, lack of
adquate controls and extremely high exposures to dust and other
materials (e.g., carbon monoxide, coal oil and petroleum vapors).
*N.A. Not Applicable
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Acuta: None significant. So( SCcticAn V.L2. - HygJaiic Practiceo.
Chronic: None significant.
Medical condXiCw Woh R h by Expacure
None known other thaa 1oc (a.g. tutbL1 or ) iis) which could be
aggravated by exoosure to nluisencc ductu.
Primary Route of Entry Inhalation
First Aid Procedures For inhalation discomfort, move victim to fresh
air.
SECTION VI - REACTIVITY DATA
tability Stable
Hazardous Polymerization N.A.
Hazardous Decomposition Products Carbon monoxide, carbon dioxide and smal
amounts of sulfur containing qases when burning.Conditions to Avoid Excessive heat or flamn. May react upon contact with
strong oxidizers such as chlorates, bromates and nitrates.
SECTION VII - SPITL OR LEAR zpCDRs
Sten to be taken in case Material is Rcleased' or Silled: Spillad black
is not a hazardous waste under U.S. Federetl RCRA Rugultion. Wear
NIOSH approved Dust Protection Reepirator, If needed. Spills should b.
removed by vacuuming, or spraying with weter and sweeping mixture into
a suitable container.
Waste Disposal Method Burn or bury in accordance with Federal, State or
local regulations.
SECTION VIII - SAFE KANDLING AND USE INORMATIONRespiratory Protection None in normal handling. Wear NIOSN approved
respirator for nuisance dust when dust levels exceed PEL.
Ventilatio Sufficient ventilation, in volume and pattern, to maintain
exposure below PEL.
Protective Gloves None required Eve Protection None required
Hvianic Practices Wash exposed skin for hygienic purposes. Most skin
irritation attributed to carbon black has been found to be due to the
soap used for washup. A mild unscented soap should be used.
SECTION IX - SPECIAL PRECAUTIONS
Precautions to be taken in Handling and Storina
Before entering closed vessels and confined spaces, test for possible
elevated levels of CO. Wear appropriate respirator to guard against
possible exposure to CO, C02, or lack of adequate oxygen supply.
The information set forth above is based on information which Cabot
Corporation believev to be accurate. No warranty, express or implied, Is
intendcd. The infornation is provided solely for your information and
consideration and Cabot assumes no legal responsibility for use or reliance
thereon.
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Mechanofusion Processing
1. Mechanofusion Processing
2. Granulometer Particle Size
Materials
3. Granulometer Particle Size
Mechanofused Materials
Information p. 148
Measurements of Raw
p. 151
Measurements of
p. 165
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Particle Size Distribution
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Measurement Table
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i arfe i
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Particle Size Distribution
Date 800904
Time 14.58
CMioo 715
MIT
Material Susp.fl.
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Further values
D i a ri I e r
V m
5. 00
35.00
44.00
7 5. 00
10
35 C
. l
. ,),
11:19
TEST 1
W A T ER
abe. (i
t r i U t 1 C, -
-a b I e
oDi f
0
0
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3
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0
0
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MIx:I
Particle Size Distribution
Date 800904
Time 1119
Cilas 715
MIT
Material Susp.fl.
TEST 1 MIX WATER 2a
5 10 20 50 100 200
Diameter in pm
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Particle SIze Distribution
Measurement Table
o i arne
Int e rv
1
2
3
4
12
4
4,
6~4
96 ~-
00 
Cii
IIC
Ci Ci50 C
Ci
Ci Ci
C1 0
F u r t he r
Cu riul
1ess
Ci
Cl
13
5
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1 CI
o ifft
0
0
Ci
Ci
0
Ci
0
1
1
Ci
4
23
0 i t *
0.3
0.2
0.0
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4.5
7.3
v a I ues
i.ijm~~ 1o i a m t er
v m
5.00 C1
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44.00
75.0 Ci
5 C1
97
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14 7
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:Sur f ace : 0 . 15 'm2.,'cm3
.Fhe r i cal Pa r ic es as'sumed)
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Particle Size Distribution
Date 800904
Time 11s27
Cilas 715
MIT
Material Susp.fl.
TEST 1 140s WATER
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Diameter in pm
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Par t icle Size Dist ribution
Measurement Table
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Ci~t m 1iart e r
.u m
DC (
Ci(
* die
i:*i L~
* ClO
10.
100.
less
3
4
9
0
Surf4ace : 1. 04 m2"..'c m3
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Particle Size Distribution
Date 800905
Time 10s56
Cilas 715
MIT
Material Susp.f l.
4 .......
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Diameter in pm
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Particle Size Distribution
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Particle Size Dietribution
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Appendix C:
of Resulting
Hybridization Processing and SEM Photographs
Coated Micropowders
Coated
Coated
Coated
Coated
Polystyrene Spheres
Teflon Particles
PPO Particles
PMMA Spheres
p. 178
p. 181
p. 184
p. 187
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TEST DATA TEST 70:
corporation HYBRIDIZATION SYSTEM CATE:.Z
178
CUSTOMER: A I _-
CORE POWDER FINE POWDER
MATERIAL NAME .Q R 7'O0 c /1 C7c * /- (.300
PARTICLE SIZE I d- jim C 2) (::) 7O'
DENSITY Sp. Gr. I g / cm') A fg_A 49
MIXING RATIO I BY WEIGHT 1 : OO _ _ /_ _
SEM PHOTOGRAPH NUMBER :4/3 ._l-Oi
0. M. DI z E R
MODEL NUMBER : OMD- IMPELLER SPEED [ RPM I:
POWER LOAD Amps): 4 25 RUN TIME [ MINUTE]: 2,
FEED SAMPLE [ Grams I : / g / BATCH 3 MAT'L TEMPERATURE IN-OUT *C I : -
SEM PHOTOGRAPH NUMBER : - elt34.-
HYE8RI0IZER
MODEL NUMBER : HYB- / ROTOR TYPE : )04. s5 [ SS 304, CERAMIC I
STATOR TYPE : 3 04 SS [ SS 304, CERAMIC I PIPING : Z324. S,5 SS 304, CERAMIC I
ROTOR SPEED [ RPM ) : pC Q RUN TIME ( MINUTE I: 5,O
FEEDER [ SETTING, RPM I : FEED INITIAL CHARGE : / XO x 4, g / BATCH I
PRODUCT COLLECTED I Grams I : ff3 FEED TEMPERATURE [ C :
PRODUCT TEMPERATURE [ *C I : JACKET C0G,./Aj [ NONE, COOLING. HEATING
SEM PHOTOGRAPH NUMBER : -4 35" HEATINGI
RUN NUMBER / ''A -' 9 A-
RUN TIME I MIN ;
POWER LOAD [ Amps ]f 23
INNER TEMPERATURE [C ] 2 - dO
REMARKS =&09 * !-' A
j"4q 7 oi'- /9 :6/4
//VB- f b'
RUN TIME ( MIN I
POWER LOAD [ Amps ) f4 2: 23 7I 2  , 2  2.3 -3
INNER TEMPERATURE [ *C 46 4 3 6s" -$ 4$7
REMARKS : , 25 / f
Kahf/61r c?-/~ D:/4
RUN TIME i MIN I I 3 4,
POWER LOAD [ Amps 1 I 7 23 2 8lf2 .1222 2
INNER TEMPERATURE I*C 1 ,5~2 ' 'f 8
REMARKS ey g :- ,p
ierjairT or /~~ps :> /,Ko -
TEST DATA TEST NO:
HYBRIDIZATION SYSTEM DATEcor por at ion
CUSTOMER:
CORE POWDER FINE POWDER
MATERIAL NAME
PARTICLE SIZE [ di- pm_
DENSITY Sp. Gr. ( q / cm 3 ]
MIXING RATIO ( BY WEIGHT ]
SEM PHOTOGRAPH NUMBER :
0. M. OIZER
MODEL NUMBER : OMD- IMPELLER SPEED [ RPM :
POWER LOAD I Amps 1: RUN TIME [ MINUTE I :
FEED SAMPLE ( Groms I: ( g / BATCH ] MAT'L TEMPERATURE IN-OUT [ *C I
SEM PHOTOGRAPH NUMBER:
HYBRIOIZER
MODEL NUMBER : HYB- , ROTOR TYPE : SS 304, CERAMIC I
STATOR TYPE : [ SS 304, CERAMIC I PIPING : [ SS 304, CERAMIC I
ROTOR SPEED I RPM ] RUN TIME I MINUTE :
FEEDER I SETTING. RPM I : FEED INITIAL CHARGE : g / BATCH I
PRODUCT COLLECTED [ Grams I : FEED TEMPERATURE [ *C :
PRODUCT TEMPERATURE I *C I : JACKET : [ NONE. COOLING. HEATING I
SEM PHOTOGRAPH NUMBER:
RUN NUMBER / _(
RUN TIME I MIN 0 g
POWER LOAD ( Amps f & 24 24 24/- 238 I , S
INNER TEMPERATURE [ C I 5~3 68 6 4 70
REMARKS 74j/fy k4g4> :A 4 4417S -
WM'4/0 or/JP: /3 27
RUN TINE ( MIN ]
POWER LOAD I Amps I
INNER TEMPERATURE * C )
REMARKS
RUN TIME I MIN
POWER LOAD I Amps I
INNER TEMPERATURE ( *C I
REMARKS
179

corpor tion
TE ST D A T AT
HYBRIDIZATION SYSTEM
Tas- NO:
DATE: -Z
CUSTOMER: /1 7-
CORE POWDER FINE POWDER
MATERIAL NAME M 761 - e0/ff7'c;# /3 ?
PARTICLE SIZE ( d'- pm 0 7.5
DENSITY Sp. Gr. [ g / cm') .A8
MIXING RA TIO BY WEIGHT) /C. 14
SEM PHOiOGRAPH NUMBER :.4/
0. M. OIZER
MODEL NUMBER :OMO- IMPELLER SPEED I RPM I
POWER LOAD [ Amps): A.4.1 RUN TIME [ MINUTE) 20
FEED SAMPLE ( Grams): . d', C g / BATCH I MAT'L TEMPERATURE IN-OUT [-C): -
SEM PHO TOGRAPH NUMBER : 43E
HYBRIDIZER
MODEL NUMBER HYB- / ROTOR TYPE : ,304: S' I SS 304. CERAMIC I
STATOR TYPE 30.4 S'S [ SS 304, CERAMIC I PIPING : ,30-p' SS SS 304, CERAMIC I
ROTOR SPEED ( RPM I : RUN TIME I MINUTE ): 'c)
FEEDER [ SETTING. RPM I : FEED INITIAL CHARGE /-5'O X. g / BATCH
PRODUCT COLLECTED ( Grams I: Q FEED TEMPERATURE *C I
PRODUCT TEMPERATURE [C : JACKET : CtW.41Vef ( NONE. COOLING, HEATING I
SEM PHOTOGRAPH NUMBER: 99
RUN NUMBER LC
RUN TIME ( MIN ] / .2
POWER LOAD ( Amps) 7,; /G6 ' _ /16 64
INNEP 'EMPERATURE [ r SJ ' < -3
REMA:< ,'
RUN TIME ( MIN
POWER LOAD ( Amps 4//
INNER TEMPERATURE ( *C 331~ g =
REMARKS
RUN TIME I MIN) ; .3 I '! -
POWER LOAD I Amps I f, I/4, /53 6 / / I/ I /4'
INNER TEMPERATURE C , 276
REMARKS
- OtlpS
181


corpora tion
TEST 
HYBRIDIZATiON DATE:SYSTEM
LREMARKS IVA'-Id o 7" =te }<2 > -'1|4 B -t
184
CUSTOMER: Af / __
CORE POWDER FINE POWDER
MATERIAL NAME f O 4d( - /// /
PARTICLE SIZE I d - cm ] 3 OO 75
DENSITY Sp. Gr. f g / cm' /.CO7 /, _ _
MIXING RATIO I BY WEIGHT ] C OO f2 y6-
SEM PHOTOGRAPH NUMBER: 4 /:" -90_
0. M. OlZER
MODEL NUMBER :OMD- 3 IMPELLER SPEED [ RPM : C
POWER LOAD I Amps ): 4,25 RUN TIME [ MINUTE ] : 2. 6
FEED SAMPLE ( Grams g : / BATCH I MAT'L TEMPERATURE IN-OUT *C ] :
SEM PHOTOGRAPH NUMBER: 436
HYBRIOIZER
MODEL NUMBER HYB- f ROTOR TYPE : 3c.-.. .S7 -V - SS 304, CERAMIC J
STATOR TYPE : : -T4 SS I SS 304. CERAMIC I PIPING : 30 -;. % % [ SS 304, CERAMIC I
ROTOR SPEED I RPM 3: 80QQO RUN TIME ( MINUTE 1: '57
FEEDER I SETTING. RPM I : FEED INITIAL CHARGE : /$ x >< ..4 [ g / BATCH
PRODUCT COLLECTED I Grams : -. '2 FEED TEMPERATURE 'C I
PRODUCT TEMPERATURE I *C ) : JACKET : o./,4::. C NONE. COOLING, HEATING I
SEM PHOTOGRAPH NUMBER : 43 7
RUN NUMBER a.
RUN TIME ( MIN IPOWER LOAD I Amps ) " 2 2I2 ' 0  .$' 21  2
INNER TEMPERATURE *C / ''d
REMARKS : - ~ -s
, (I/Q r-rt-3-EP-'/Cb
RUN TIME MN OI
POWER LOAD ( Amps 1 22/ .22 22
INNER TEMPERATURE[ 'C 46 -5 O d-.
REMARKS '',g/- ~, 2- ,4/1pS
001/dY 7 - /=r a * / eA
RUN TIME I MIN I Q /I2 3I4
POWER LOAD ( Amps ]f 2 2/ 21 f 2 1 22
INNER TEMPERATURE *C 6 1V 6 Z I A 1 67
-. .-.-.-. .. .......... .....I  ... ..II. ..... ............. ,.... ... ....... ,.,.,..,.1,, - . .......
TEST DATA TEST NO:
corporaion HYBRIDIZATION SYSTEM DATE: /2-'- 00
CUSTOMER:
CORE POWDER FINE POWDER
MATERIAL NAME
PARTICLE SIZE [ dw- p )
DENSITY Sp. Gr. [ g / cm ___
MIXING RATIO [ BY WEIGHT 
_
SEM PHOTOGRAPH NUMBER :
0. M. OIZER
MODEL NUMBER : OMO- IMPELLER SPEED [ RPM
POWER LOAD [ Amps): RUN TIME I MINUTE ):
FEED SAMPLE (Grams): [ g / BATCH I MAT'L TEMPERATURE IN-OUT [C :
SEM PHOTOGRAPH NUMBER :
HYBRIDIZER
MODEL NUMBER HYB- ROTOR TYPE : [ SS 304, CERAMIC I
STATOR TYPE : [ SS 304. CERAMIC I PIPING : [ SS 304. CERAMIC
ROTOR SPEED [ RPM I : RUN TIME I MINUTE I:
FEEDER I SETTING. RPM ) : FEED INITIAL CHARGE : [ g / BATCH
PRODUCT COLLECTED I Grams I: FEED TEMPERATURE ( C )
PRODUCT TEMPERATURE 'C : JACKET : [ NONE. COOLING. HEATING
SEM PHOTOGRAPH NUMBER
RUN NUMBER -''/ S
RUN TIME MIN I
POWER LOAD I Amps $ .2 2 2 / 2 . .2/ z/
INNER TEMPERATURE *C 1 .7 67 6
REMARKS 24
MW&'ar e ,w ma5 :: /38
RUN TIME ( MIN I
POWER LOAD I Amps I
INNER TEMPERATURE[ *C
REMARKS
RUN TIME ( MIN I
POWER LOAD [ Amps I
INNER TEMPERATURE 'C 
REMARKS
185
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corporation
TEST DATA
HYBRIDIZATION
TEST NO:
SYSTEM
CUSTOMER: Af / r'
CORE POWDER FINE POWDER
MATERIAL NAME - A.'-p -g /,900
PARTICLE SIZE ( ds- Jim I 2,0 7 -
DENSITY Sp. Gr. C q / cm') /,/1 /.
MIXING RATIO I BY WEIGHT ' /06 ff ft/.
SEM PHOTOGRAPH NUMBER : .a/Z 
__ .. _; A _ _
0. M. OIZER
MODEL NUMBER : OMD- IMPELLER SPEED I RPM 1 : 5 <
POWER LOAD Amps ) : z4.,26 RUN TIME ( MINUTE I : 02
FEED SAMPLE ( Grams ) : //,3. / ( g / BATCH I MAT'L TEMPERATURE IN-OUT ( C : -
SEM PHOTOGRAPH NUMBER: .',32
HYBRIDIZE R
MODEL NUMBER : HYB- / ROTOR TYPE : .!04 SS ( SS 304. CERAMIC I
STATOR TYPE : 30.g s- ( SS 304, CERAMIC I PIPING : .30-4 f SS 304. CERAMIC I
ROTOR SPEED RPMI: IoQ RUN TIME ( MINUTE ): ,
FEEDER I SETTING, RPM I : FEED INITIAL CHARGE : /g23~ C g / BATCH I
PRODUCT COLLECTED ( Grams 1: 61/ ($o a ) FEED TEMPERATURE I C 
PRODUCT TEMPERATURE( *C I: JACKET : NONE. COOLING. HEATING I
SEM PHOTOGRAPH NUMBER : 33
RUN NUMBER A/eS- '-
RUN TIME E MIN ) I .- 1 .I,POWER LOAD ( Amps )If 23 2/ /f i V / 7
INNER TEMPERATURE ( 'C 1 /'7 .4- A S. S/
REMARKS p , - gS /hpv
RUN TIME ( MIN I
POWER LOAD ( Amps I
INNER TEMPERATURE *C
REMARKS
RUN TIME I MIN 'I
POWER LOAD ( Amps )
INNER TEMPERATURE E *C I
REMARKS
187
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Appendix D: Extinction
Results for Powders
Coated Polystyrene Spheres
Coated Teflon Particles
Coated PPO Particles
Coated PMMA Spheres
Experimentation:
p. 190
p. 192
p. 194
p. 196
189
Coefficient
BeT1
1.0
0.8
0.6
Powder W/O KBr Effects (0.5% Mass Loading)
0.4
0.2
0.0
0.00 0.01 0.02 0.03
ion Coefficient
0.04
thickness (inches)
thickness
0.02837
0.02573
0.02793
0.02547
0.02108
0.01669
0.01954
0.01370
0.01310
0.01175
0.01284
0.01396
0.00935
0.01438
0.00000
BeT1 0.5%
- In trans
0.36349
0.26444
0.26665
0.39587
0.24244
0.25674
0.27554
0.32222
0.18445
0.27649
0.19838
0.27394
0.10622
0.32607
0.00000
191
BeT2 Powder W/O
1.0
0.8
KBr Effects (0.5% Mass Loading)
0.6
0.4
0.2
0.0 - -
0.00 0.01 0.02 0.03
Extinction Coefficient
-1
0.04
thickness (inches)
0
thickness (in)
0.01640
0.01706
0.01640
0.01640
0.01574
0.01673
0.01968
0.01870
0.01443
0.01607
0.01574
0.01574
0.01673
0.03354
0.01455
0.02404
0.03616
0.01313
BeT2 0.5%
- In trans
0.29991
0.27442
0.28935
0.30335
0.24770
0.27410
0.30187
0.27124
0.36558
0.30253
0.29632
0.27570
0.30024
0.50886
0.24214
0.39408
0.47754
0.20877
thickness (in)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
- In trans
0.01273
0.01232
0.01192
0.01172
0.01111
0.03061
0.02130
0.01803
0.01779
0.01972
0.01597
0.01875
0.01440
0.01506
0.02141
0.01071
0.00000
0.21191
0.19720
0.18810
0.24059.
0.14324
0.48047
0.35655
0.23553
0.23936
0.30993
0.22244
0.25846
0.50624
0.29844
0.31589
0.11487
0.00000
BeT3 Powder
0.8
0.6
0.4
~mq
. 0.2
0.0L
0.00
W/O KBr Effects (0.5% Mass Loading)
0.01 0.02 0.03
thickness
0.04
(inches)
thickness (in)
.03937
.03440
.02942
.03253
.03067
.01955
.01861
.02222
.01476
.02588
.02627
.03931
.00000
.05000
BeT3 0.5%
- In trans
0.47054
0.45955
0.38532
0.47773
0.48067
0.26192
0.30400
0.22455
0.25330
0.34366
0.41366
0.57611
0.00000
195
BeT4 Powder W/O KBr Effects
2
Theoretical Extinction Coeffic
K= 47.8 in-I
1
(0.5% Mass Loading)
Coefficient
0.010 0.020 0.030
thickness (inches)
BeT4 0.5% Mass
thickness (inches) - In trans
0.03130
0.01402
0.03552
0.01325
0.03112
0.02459
0.02152
0.02001
0.
0.
0.
0.
0.
1.62535
0.92089
1.77500
0.48557
0.90460
0.79560
0.72468
0.73145
0.89301
0.78307
0.82004
0.74487
1.02595
0.00000
02819
02263
02332
02280
03342
0.00000
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Processing of Foams - Information and Data
from Mobay
1. List of what Powders were added to which Foams
p. 199
2. Cover Letter from Mobay Summarizing Results
p. 200
3. Table of Physical Properties Including Effective
Conductivity of Resulting Foams p. 201
4. Cover Letter from Mobay Summarizing Production
Methods of Powdered Foams p. 202
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Appendix E:
Mobay's Foam Reference Numbers:
Filler Loading
Foam Reference Number Filler % by Mass
524559-2.......................................BeTI..............7.4%
524556-2.......................................BeTI..........8%
524559-1.......................................BeTI..............13.79%
524556-1.......................................BeTi..............16%
524559-4.......................................BeT2..............7.4%
524555-2.................BeT2......8%
524559-3.......................................BeT2..............13.79%
524555-1.......................................BeT2..............16%
524557-3.......................................BeT3..........8%
524557-2.................BeT3......16%
524558-1.......................................BeT4..............10%
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: 4-25-91 . 3:29PM : 4127772758-
Mobay *
A Gayer USA INC COMPANY
April 25, 1991 Mob CorporMon
mob" Reed
Phne412 777800
Ms. Arlene Lanciani Marge (253-3555)
Room 7-0388
Massachusetts Institute of Technology
Cambridge, Massachusetts
FAX No. (617)-253-8993
RE: Polyisocyanurate foams made with T-1, T-2, T-3, T-4 Fillers
Dear Arlene:
I have enclosed a summary of physical property data for the said foams. A
memo to you will follow with formulations and more description.
T-1 and T-3 look promising in terms of improved k-factor foams.
T-2 resulted In open-cell, high k-factor foam. Since the foams were
essentially 100% open cell, they exhibited k-factors similar to that of
air.
T-4 resulted in the same k-factors as exhibited by the control foam.
Sincerely,
John F. Szabat
JFS:Jb
cc: J. N. Sutej
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SENT SY:M08AY CORP i.IBRARY
Foam Data
BeTI 16% BeT113.79% BeTI 8% BeT17.4% BeT2 16% BeT2 13.79% BeT2 8% BeT2 7.4% BeT3 16% BeT3 8% BeT4 10%
Foaming Condition
Gel Time (sec)
Tack Free (sac)
Room Temp. Visc. (Centipoise)
Physical Properties
Density (lbs/ft3)
k-factor (BTU-in/hr-ft2-F)
% Closed Cells
Compressive Strength (Parallel)
Yield Strength (psi)
% Deflection when yield
10% Deflection (psi)
34
45
2800
2.42
.116
87.7
43.42
5.3
39.41
35
44
2450
2.36
.122
86.9
48.35
5.9
47.97
44
1600
2.19
.114
87.6
40.47
5.1
35.67
36 28 36 32
47 44 46 41
1600 8400 6000 3600
2.15
.121
86.5
46.32
5.7
40.77
2.28
.217
5.3
35.01
4.7
35.59
37
46
3900
2.20 2.07 2.01 2.51
.223 .222 .227 .113
2.8 1.0 0.3 87.1
37.25
4.2
39.38
35.98
5.3
34.70
37.52
4.2
39.20
Control
33
42
6000
32
45
2300
2.31
.114
87.9
39.72
4.6
38.39
3645
1600
2.08
.121
87.3
41.88
4.8
40.07
2.1
.120
89.1
41.95
5.1
36.55
40.42
5.337.84
Moby0
A Bayer USA INC COMPANY
April 30, 1991 Mobay Corporation
Mobay Road
Ms. Arlene Lanciani Marge (253-3555) Phone,1.20 7
Room 7-038 B
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139
FAX No. (617) 253-8993
Subject: Polyisocyanurate Foams Made with T-1, T-2, T-3, T-4 Fillers
Dear Arlene:
I recently sent you a series of polyisocyanurate rigid foams that were
prepared with different levels of the T-1, T-2, T-3 and T-4 fillers that
you supplied to us. They were based on Stepanpol PS-2502-A polyester
polyol and Mondur 489 polymeric isocyanate. Respective formulations are
shown in tables 1 through 3, along with the physical properties of the
resultant foams. K-factor was measured with a Anacon Model 88 Thermal
Conductivity Analyzer. A description of the raw materials is given in
Table 4.
All foams were prepared at the laboratory level using the standard one-shot
foaming technique. First, a mixture of isocyanate and filler was formed
and cooled to 20* C (Component A). Secondly, a polyol masterbatch
(Component B) was prepared which was comprised of polyester polyol,
surfactant, catalysts and blowing agent, and cooled to 20* C. Components A
and B were thereafter mixed at 10,000 rpm for 10 seconds and then poured
into a 10" x 10" x 8", open-top cardboard box, resulting in a rigid
polyisocyanurate foam.
T-1 and T-3 fillers looked promising in terms of improved
but further work is needed to determine which is the best
radiation energy transfer through the foam. Results with
shown below:
Foam
Density, pcf
2.10
2.15
2.19
2.36
2.42
2.31
2.51
k-factor foams,
to use to reduce
them were as
0.120
0.121
0.114
0.122
0.116
0.114
0.113
As can be seen, k-factors at T-1 filler loading levels of 7.4 and 13.79%
were similar to that exhibited by the control, whereas, in another
experiment at 8.0 and 16.0% loading levels, the k-factor was near 0.114,
202
Filler
Control
T-1
T-1
T-1
T-1
T-3
T-3
Filler
Loadings %
None
7.4
8.0
13.79
16.0
8.0
16.0
and considerably better than that of the control. We have no explanation
for these results, and the limited amount of T-1 filler that we had to work
with did not allow us to do more experimentation to resolve the anomaly.
K-factors with T-3 were essentially 0.113 at the 8.0 and 16.0% filler
loading levels.
T-2 resulted in open-celled, high k-factor (0.22) foams at all filler
loading levels (7.4%-16.0%). Accordingly, since the foams were esesntially
100% open-cell, it was not unusual that the k-factors were higher than that
of air.
T-4 resulted in the same k-factor as the control foam at a 10% filler
loading level. WE didn't have enought of this material to evaluate it at
higher levels.
In conclusion, it appears, based on the limited work that was done with
these fillers, that T-3 has a lot of potential for reducing k-factor of
rigid foam, and merits further evaluation at the machine leve.
I hope this information is helpful to your research program.
If you have any questions, please call me.
Sincerely,
John F. Szabat
JFS:jb
cc: G. F. Baumann
K. W. Dietrich
J. M. Sutej
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TABLE 1
SUMMARY OF EXPERIMENTAL DATA FOR PIR FOAMS MADE WITH T-1 FILLER
Reference No.: 524555-3 524559-2 524556-2 524559-1 524556-1
(Control)
Formulation, Dbw
'B' Component:
PS-2502 A 68.03 68.03 68.03 68.03 68.03
Silicone Surfactant 2.04 2.04 2.04 2.04 2.04
Dabco K-15 2.04 2.04 2.04 2.04 2.04
TMR-30 0.68 0.68 0.68 0.68 0.68
CFC-11 27.21 27.21 27.21 27.21 27.21
'A' Component:
Mondur 489 123.93 123.93 123.93 123.93 123.93
T-2 - 17.91 19.4 35.83 42.65
Isocyanate Index No. (300) (300) (300) (300) (300)
% T-2 in Total System - (7.4) (8.0) (13.79) (16.0)
Viscosity of Isocyanate/
filler Mixture
@ 25' C, cps (700) (1600) (1600) (2450) (2800)
Table 1 (Continued)
Reference No.: 524555-3 524559-2 524556-2 524559-1 524556-1
(Control)
Processing Conditions:
Raw Material Temp., 'F 20 20 20 20 20
Mixing Speed, RPM 10,000 10,000 10,000 10,000 10,000
Mixing Time, Secs. 10 10 10 10 10
Foaming Characteristics
Gel Time, Secs. 28 36 34 35 34
Tack Free Time, Secs. 49 47 44 44 45
Physical Properties
Density, pcf 2.1 2.15 2.19 2.36 2.42
Closed Cells, % 89.1 86.5 87.6 86.9 87.7
K-factor (Anacop)
BTU-IN/HR. FT 'F 0.120 0.121 0.114 0.122 0.116
Compressive Strength
(parallel), psi
@ yield 40.42 46.32 40.47 48.35 43.42
@ 10% deflection 37.84 40.77 35.67 47.97 39.41
(% deflection @ yield) (5.3) (5.7) (5.1) (5.9) (5.3)
TABLE 2
Summary of Experimental Data for PIR Foams Made with T-2 Filler
Reference No: 524559-4 524555-2 524559-3 524555-1
Formulation, pbw
'B' Component
PS-2502A 68.03 68.03 68.03 68.03
Silicone Surfactant 2.04 2.04 2.04 2.04
Dabco K-15 2.04 2.04 2.04 2.04
TMR-30 0.68 0.68 0.68 0.68
CFC-11 27.21 27.21 27.21 27.21
'A' Component
Mondur 489 123.93 123.93 123.93 123.93
T-2 17.91 19.4 35.83 42.65
Isocyanate Index No. (300) (300) (300) (300)
% T-2 in Total System (7.4) (8.0) (13.79) (16.0)
Viscosity of Isocyanate
/Filler Mixture
at 25* C, cps (3900) (3600) (6000) (8400)
Processing Conditions
Raw Material Temp., * F 20 20 20 20
Mixing Speed, RPM 10,000 10,000 10,000 10,000
Mixing Time, Secs. 10 10 10 10
Foaming Characteristics
Gel Time, Secs.- 37 32 36 28
Tack Free Time, Secs. 46 41 46 44
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Table 2 (Continued)
Physical Properties
Density, pcf 2.01 2.07 2.2 2.28
Closed Cells, % 0.3 1.0 2.8 5.3
K-factor (Anacgn)
BTU-IN/HR. Ft. *F 0.227 0.222 0.223 0.217
Compressive Strength
(parallel), psi
@ yield 37.52 35.98 37.25 35.01
@ 10% deflection 39.2 34.70 39.38 35.59
(% deflection @ yield) 4.2 5.3 4.2 4.7
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TABLE 3
SUMMARY OF EXPERIMENTAL DATA FOR PIR FOAMS MADE WITH T-3 AND T-4 FILLERS
Reference No. 524557-2 524557-1 524558-1
Formulation. pbw
'B' Component:
PS-2502 A 68.03 68.03 68.03
Silicone Surfactant 2.04 2.04 2.04
Dabco K-15 2.04 2.04 2.04
TMR-30 0.68 0.68 0.68
CFC-11 27.21 27.21 27.21
'A' Component:
Mondur E-489 123.91 123.91 123.91
T-3 19.4 42.65 -
T-4 - - 24.88
Isocyanate Index No. (300) (300) (300)
% T-3 in Total System (8.0) (16.0) -
% T-4 in Total System - - (10.0)
Viscosity of
Isocyanate/filler
Mixture at 25' C, cps (2300) (6000) (1600)
Processing Conditions
Raw Material Temp., *F 20 20 20
Mixing Speed, ROM 10,000 10,000 10,000
Mixing Time, Secs. 10 10 10
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Table 3 (Continued)
Foaming Characteristics
Gel Time, Secs. 32 33 36
Tack Time, secs. 45 42 45
Physical Prooerties
Density, pcf 2.31 2.51 2.08
Closed Cells, % 87.9 87.1 87.3
K-factor (Anacon)2
. BTU-IN/HR. ft. 'F 0.114 0.113 0.121
Compressive Strength (parallel), psi
@ yield 39.72 41.95 41.88
@ 10% deflection 38.39 36.55 40.07
(% deflection @ yield) (4.6) (5.1) (4.8)
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TABLE 4
RAW MATERIALS
The description of the raw materials and the sources are as follows:
* Stepanpol PS-2502-A, Stepan Company, aromatic polyester polyol, OH # - 246
% water - 0.05.
* Mondur E-489, Mobay Corporation, a polymeric MDI, NCO % - 31.5, viscosity
25' C - 700 cps.
* Dabco K-15, Air Products and Chemicals, Inc., a potassium based catalyst,
OH # - 440, % water - 3.0.
. Dabco TMR-30, Air Products and Chemicals, Inc., 2, 4, 6 - tri
(dimethylaminomethyl) phenol.
* Silicone surfactant, a proprietary organosiloxane-polyether copolymer.
* CFC-11 (CCL3F), Allied-Signal Inc., a blowing agent, B.P. - 23.8' C.
* T-1, T-2, T-3, T-4, experimental fillers supplied by Massachusetts
Institute of Technology.
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Appendix F: SEM Photographs of Two Powdered Foams and
the Control Foam
BeTI 8% by Mass Parallel to Facer
BeTI 8% by Mass Perpendicular to Facer
BeT3 16% by Mass Parallel to Facer
BeT3 16% by Mass Perpendicular to Facer
Control - No Powder Parallel to Facer
Control - No Powder Perpendicular to Facer
Close-up of Strut and Cell Wall of Powdered
p. 212
p. 213
p. 214
p. 215
p. 216
p. 217
Foam
p. 218
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Appendix G: Extinction Coefficient Experimentation:
Results for Powdered Foams
1. Foam with Coated Polystyrene Spheres (BeT1)p. 220
2. Foam with Coated Teflon Particles (BeT2) p. 224
3. Foam with Coated PPO Particles (BeT3) p. 228
4. Foam with Coated PMMA Spheres (BeT4) p. 230
5. Control Foam without Powder p. 231
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BeT1 7.4% Loading Extinction Coef
6-
5-
4-
3 -
2-
- In (trans) = 101.6 * thickness
0 1 1
0.010 0.020 0.030 0.040
thickness
BeT1 7.4%
ave trans thickness In trans - In trans
1 0.04314825 0.030 -3.143 3.143
2 0.04375000 0.030 -3.129 3.129
3 0.02926887 0.036 -3.531 3.531
4 0.07479675 0.025 -2.593 2.593
5 0.01236044 0.044 -4.393 4.393
6 0.04499494 0.030 -3.101 3.101
7 0.04319094 0.033 -3.142 3.142
8 0.03356606 0.036 -3.394 3.394
9 0.01573356 0.041 -4.152 4.152
10 0.000 0.000
220
ficient
BeT1 8% Loading
6
5-
4-
3-
2-
Extinction Coefficient
0.010 0.020 0.030 0.040
thickness
ave trans
0.01396019
0.04130569
0.03251356
0.01816544
0.07723637
0.05874006
0.04900306
0.02694262
thickness
0.043
0.031
0.032
0.040
0.024
0.028
0.030
0.040
0.000
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In trans
-4.272
-3.187
-3.426
-4.008
-2.561
-2.835
-3.016
-3.614
BeT1 8%
- In trans
4.272
3.187
3.426
4.008
2.561
2.835
3.016
3.614
0.000
BeT1 13.79% Loading Extinction Coefficient
0.010 0.020 0.030 0.040
thickness
ave trans
0.12814750
0.04490031
0.01598994
0.07002013
0.05608160
0.13586944
0.04959656
0.03142731
thickness
0.017
0.028
0.039
0.022
0.025
0.018
0.028
0.036
0.000
In trans
-2.055
-3.103
-4.136
-2.659
-2.881
-1.996
-3.004
-3.460
BeT1 13.79%
- In trans
2.055
3.103
4.136
2.659
2.881
1.996
3.004
3.460
0.000
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16% Loading Extinction Coefficient
0.010 0.020 0.030 0.040 .
thickness
trans thickness
0.00947844
0.02137144
0.01225769
0.09155463
0.01393300
0.09215088
0.02185819
0.07100225
0.044
0.033
0.047
0.022
0.041
0.020
0.034
0.024
0.000
In trans
-4.659
-3.846
-4.402
-2.391
-4.273
-2.384
-3.823
-2.645
BeT1 16%
- In trans
4.659
3.846
4.402
2.391
4.273
2.384
3.823
2.645
0.000
223
BeT16:
5
BeT2 7.4%
6--
5-
4-
-" 3
S2-
0
Loading Extinction Coefficient
0.010 0.020 0.030 0.040
thickness
ave trans
0.03297487
0.06927481
0.03371131
0.05764806
0.02709488
0.07292544
0.04202737
0.04373369
thickness
0.032
0.021
0.034
0.029
0.037
0.024
0.032
0.032
0.000
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In trans
BeT2 7.4%
- In trans
-3.412
-2.670
-3.390
-2.853
-3.608
-2.618
-3.169
-3.130
3.412
2.670
3.390
2.853
3.608
2.618
3.169
3.130
0.000
BeT2 8% Loading Extinction Coefficient
8-
6-
4
.mm
2 .- m
2
- in (trans) =104.4 * thickness
01
0.020 0.040
thickness
BeT2 8%
ave trans thickness In trans - In trans
1 0.03060035 0.040 -3.487 3.487
2 0.01494994 0.052 -4.203 4.203
3 0.09627970 0.021 -2.340 2.340
4 0.12210825 0.020 -2.103 2.103
5 0.03406712 0.036 -3.379 3.379
6 0.08330156 0.022 -2.485 2.485
7 0.028195'56 0.036 -3.569 3.569
8 0.03802013 0.041 -3.270 3.270
9 0.08723931 0.027 -2.439 2.439
10 0.000 0.000
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BeT2 13.79% Loading Extinction Coefficient
0.010 0.020 0.030 0.040
thickness
ave trans
0.04731206
0.03491975
0.07217481
0.01146888
0.05300669
0.02064163
0.01001531
0.09678344
thickness
0.029
0.035
0.026
0.050
0.029
0.038
0.048
0.022
0.000
In trans
-3.051
-3.355
-2.629
-4.468
-2.937
-3.880
-4.604
-2.335
BeT2 13.79%
- In trans
3.051
3.355
2.629
4.468
2.937
3.880
4.604
2.335
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BeT2 16% Loading Extinction Coefficient
0.010 0.020 0.030 0.040
thickness
trans
0.02118131
0.06680062
0.02077163
0.14710594
0.05238606
0.10301369
0.03946381
0.04998869
0.00000000
In trans
-3.855
-2.706
-3.874
-1.917
-2.949
-2.273
-3.232
-2.996
0.000
BeT2 16%
- In trans
3.855
2.706
3.874
1.917
2.949
2.273
3.232
2.996
0.000
thick
0.037
0.023
0.038
0.015
0.028
0.020
0.032
0.027
0.000
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8% Loading Extinction Coefficient
0.010 0.020 0.030 0.040
thickness
ave trans
0.02823619
0.13745506
0.02287412
0.07595931
0.06575925
0.02136706
0.03328750
0.00764238
thickness
0.031
0.015
0.032
0.019
0.022
0.031
0.028
0.040
0.000
In trans
-3.567
-1.984
-3.778
-2.578
-2.722
-3.846
-3.403
-4.874
BeT3 8%
- In trans
3.567
1.984
3.778
2.578
2.722
3.846
3.403
4.874
0.000
BeT3
8 -r
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BeT3 16% Loading Extinction Coefficient
0.010 0.020 0.030 0.040
thickness
ave trans
0.01528300
0.02565200
0.00867475
0.03739512
0.03096306
0.02654562
0.02634069
0.07239187
thickness
0.037
0.032
0.039
0.028
0.028
0.029
0.030
0.021
0.000
In trans
-4.181
-3.663
-4.747
-3.286
-3.475
-3.629
-3.637
-2.626
229
BeT3 16%
- In trans
4.181
3.663
4.747
3.286
3.475
3.629
3.637
2.626
0.000
BeT4 10% Loading Extinction Coefficient
5-
4- OM
3 -1
2-
1 ^- In (trans) = 96.6* thickness
0
0.010 0.020 0.030 0.040
thickness
BeT4 10%
ave trans thickness In trans - In trans
1 0.08312131 0.027 -2.487 2.487
2 0.05338562 0.032 -2.930 2.930
3 0.04278062 0.033 -3.152 3.152
4 0.01579694 0.047 -4.148 4.148
5 0.08110406 0.024 -2.512 2.512
6 0.01674181 0.046 -4.090 4.090
7 0.03731856 0.040 -3.288 3.288
8 0.04774781 0.031 -3.042 3.042
9 0.000 0.000
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Control Foam Extinction Coefficient
0.010 0.020 0.030 0.040
thickness (inches)
control
ave trans
0.06340106
0.03225550
0.07343487
0.06483462
0.06390888
0.07855169
0.03949106
0.03839987
0.04763969
0.03847456
0.01491150
0.06013319
0.04372937
0.04438869
thickness
0.0295
0.0387
0.0312
0.0310
0.0305
0.0283
0.0358
0.0365
0.0350
0.0355
0.0498
0.0305
0.0345
0.0350
0.0000
231
In trans - In trans
-2.758
-3.434
-2.611
-2.736
-2.750
-2.544
-3.232
-3.260
-3.044
-3.258
-4.206
-2.811
-3.130
-3.115
2.758
3.434
2.611
2.736
2.750
2.544
3.232
3.260
3.044
3.258
4.206
2.811
3.130
3.115
0.000
Sources of Materials
Atlantic Powdered Metals
225 Broadway Avenue
New York, NY 10007
(216)267-4900
Polyester-coated Aluminum flakes
Bepex Corp.
333 N. E. Taft Street
Minneapolis, MN 55413
Ralph Imholte (612)331-4370
Powder Processing including Hybridization
Dunmore Corp.
Newtown Industrial Commons
Penns Trail
Newtown, PA 18940
Edward Monigan (215)968-4774
Metallized Polyester Sheets for Packaging
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Appendix H:
Dupont
Polymer Products
Chestnut Run Plaza
P.O. Box 80712
Wilmington, DE 19880-0712
Maurice Baumann (302)999-6715;
Teflon Powders
(800)441-9494
Hercules Inc.
Research Center
Wilmington, DE 19894
Cheryl Taylor (302)995-3000
Metallized Polyester Sheets for Packaging
Madico Inc.
64 Industrial Parkway
Woburn, MA 01888
(617)935-7850
Metallized Polyester Sheets for Packaging
Mearle Corp.
41 East 42nd Street
New York, NY 10017
(212)573-8500
Synthetic Pearle Essence and Natural Guanine
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Micron Powder Systems
10 Chatham Road
Summit, NJ 07901
David Gomulka (908)273-6360
Powder Processing including Mechanofusion
Nachem Inc.
25 Garden Park
Braintree, MA 02184
Brian Roberts (617)848-1986
Acrylic Powders
Toray Marketing and Sales (America), Inc.
600 Third Avenue
New York, NY 10016-1902
Lisa Rhodes (212)697-8150
nylon spheres 1-100 gm
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